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The power conversion efficiencies (PCE) of organic solar cells (OSCs) have been 
continuously rising within the past decade. This inches OSCs closer towards 
commercialization. However, the marketability of these devices is still limited by their 
reliability under operation. A ubiquitous method to counter some inherent atmospheric 
instability in OSCs is to employ the use of an inverted geometry in these OSCs. One of the 
more promising means of achieving an inverted architecture in OSCs is to deposit a thin ZnO 
film with low work function onto a bottom ITO. Despite being widely reported for their 
robust shelf-life, the operational stability of these inverted OSCs based on a ZnO electron 
transport layer (ETL) has not been visited much in literature. With this in mind, this thesis 
examines the reliability of these inverted OSCs based on ZnO. 
We first prepare efficient analogous inverted devices derived from the deposition of ultrathin 
Al layers onto ITO for comparison. We show that these devices can simultaneously exhibit 
remarkable PCE over 4%, as well as robustness under operational conditions. The stability of 
inverted OSCs with a simple ZnO ETL are then evaluated; the devices are revealed to suffer 
rapid losses in open-circuit voltage under operation. We are able to mitigate these losses by 
modifying the ZnO ETL surface with the additional deposition of an ultrathin Al layer. We 
subsequently present evidence to suggest that this loss is due to a reduction in charge 
selectivity of ZnO when illuminated by UV radiation. We then demonstrate the application of 
impedance spectroscopy in monitoring the degradation of OSCs non-destructively. By 
comparing the variants of inverted OSCs prepared in this thesis under pseudo-steady-state 
conditions, we are able to show the ZnO/organic interface to be responsible for accelerated 
charge carrier recombination due to charge trapping after UV-illumination. In comparison, 
inverted devices which employ either ITO or ITO/ZnO cathodes further modified by an 
ultrathin Al layer exhibit minimal reductions in carrier lifetimes when aged, indicating 
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operational robustness. Overall, this thesis highlights the tremendous impact that the charge 
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According to estimates by BP, global energy consumption in the past decade 
(between 2000 and 2010) has risen by 28% from 1.09 x 105 TWh to 1.39 x 105 TWh [1]. 
Regardless of whether this burgeoning demand is driven by a growth in worldwide human 
population or regional industrialization, it has conventionally and primarily been met by the 
combustion of fossil fuels [1,2]. However, with concern over subjects such as anthropogenic 
climate change caused by emission of greenhouse gases and the possibility of having passed 
peak oil [3] there arises a necessity to consider alternative sources for our future energy needs. 
One of the most abundant and renewable energy sources available to us is solar energy by 
virtue of an annual average solar irradiance of 1.36 kW m-2 on the earth’s surface [4].  
The most common method of harnessing this energy is through the use of 
photovoltaic devices, or solar cells, which efficiently converts sunlight into electricity. While 
silicon based thin film solar cells are already commercially available, another promising form 
of photovoltaics is the field of organic photovoltaics (OPV). The term ‘organic photovoltaics’ 
used here has a relatively broad definition; organic solar cells (OSCs) generally include 
devices which rely on either polymers or small carbon based molecules to absorb photons, 
and can vary greatly in junction architecture [5-9]. Despite the generality, OSCs are typically 
characterized by a potential for easy, low cost and large scale processing due to the solubility 
of many polymers and small molecules. 
Highly efficient OSCs have traditionally revolved around the use of polymer light 
absorbing materials in bulk heterojunction (BHJ) devices. Recently, the use of small 
molecules and multi-junctions in tandem in OSCs have individually met great success, 
yielding devices which exceed efficiencies of 10% [10-14]. These advances in power 
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conversion efficiency (PCE) allows OPV to become complementary to silicon based thin film 
solar cells, thus making market a closer reality. However, before any alternative energy 
source can be widely commercialized, they will still need to be attractive in terms of their 
cost-to-wattage ratio, environmental and social impact. In the case of photovoltaics, the ratio 
is impacted by a complex interplay between several factors: manufacturing and setup costs, 
energy conversion efficiencies, and the reliability of the solar cells (Figure 1.1). Considering 
that OPV already sport access to low cost processing and recent advances in device 
efficiencies, there is now an apparent need to focus on the lifetime and reliability of OSCs. 
 
 
Figure 1.1. Simple cartoon indicating factors influencing the overall cost-to-wattage ratio of 
photovoltaics 
 
To better understand the degradation of OSCs with the implicit aim of improving their 
reliability, many studies have been committed to studying the chemical- [15,16], photo- 
[17,18], and thermal- or morphological- stability [19,20] of the organic materials in the light 








hexylthiophene) (P3HT) and poly[N-9'-hepta-decanyl-2,7-carbazole-alt-5,5- (4',7'-di-2-
thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) demonstrating lifetimes in the annual range 
[21-23], assuming an endpoint of 50% initial efficiency and 5.5 hr of sunlight per day for 365 
days in a year. While encouraging in its outlook towards the future of OPV, this author feels 
that there is a pitfall to these demonstrations. Device performances in terms of efficiency and 
stability are both specific to the materials used in the manufacture of the OSC; a lengthy 
lifetime for PCDTBT devices might not necessarily be meaningful towards replicating the 
same in OSCs with higher PCE based on other material systems.  
From a material engineering perspective, it might be entirely possible to develop 
organic materials and material systems with excellent photovoltaic properties and ambient 
stability. In the meanwhile, a common origin of module and device failure is the breakdown 
of the cathode interface due to extrinsic causes [24-26]. Methods to counter the oxidative-
instability of common cathode materials have so far included modifying device geometry and 
the use of electron specific transport layers as interfacial layers [23,27-31]. However, to date 
there is a limited insight regarding the contribution towards OPV operational stability by 
these transport layers. Moreover, the need for such an understanding is only further stressed 
considering some of these transport layer materials play pivotal roles in the function of hybrid 
forms of photovoltaics [32-35]. 
It is thus the interest of this thesis to specifically examine, through a range of non-
destructive measures, the role that electron specific transport layers play in influencing the 
stability of OSCs. We herein achieve so through the development and optimization of 
meaningful alternatives to current standards that lead to improvements in device performance 




Fundamentals of Organic Photovoltaic Operation and Reliability 
2.1 Semiconductor Theory 
The field of photovoltaics relies heavily on the use of the semiconductor class of 
materials. Semiconductors fill the role of the light absorbing active materials in almost every 
type of photovoltaic device [6-12,33-39], and are also commonly employed as charge 
transport mediums and interfacial materials with a wide variety of functions in current 
generation solar cells [29,40-43]. Using chemistry conventions, semiconductors can be 
generally categorized to be either inorganic or organic in origin. Although both categories of 
semiconductors are chemically dissimilar, they largely adhere to the same conventions for 
solid state physics. Before we attempt to understand the lifetime and degradation of solar 
cells, it is necessary for us to first describe the underlying physical and chemical 
characteristics of the comprising semiconductors. 
 
2.1.1 Formation of Semiconductor Materials 
 From the quantum mechanics point of view, an atom can be described by a series of 
unique atomic orbitals with discrete energy levels. These atomic orbitals are occupied from 
the most energetically stable orbital up to the valence orbitals by pairs of electrons with 
opposite spins, and unpaired electrons, depending on the element and its oxidation state. 
When two atoms with partially filled orbitals are brought into close proximity with each other, 
they have the potential to interact through the formation of strong chemical bonds. This can 
be generally represented by a splitting of the atomic orbitals involved into stabilized bonding 
orbitals and destabilized anti-bonding orbitals as shown simplistically in Figure 2.1a. 
Following, previously unpaired electrons then transit to occupy the rearranged orbitals as 
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electron pairs starting from the least energetic molecular orbitals. The overall effect is a net 
stabilization of the resultant molecule over its individual atoms. 
 
Figure 2.1. a) Energy diagram for the orbital splitting in a diatomic molecule. b) General 
schematic of the band structure for a semiconductor, with a graphical indication of the 
ionization energy (IE), electron affinity (EA), and the band gap (Eg) between the conduction 
band (CB) and valence band (VB) 
 
In the instances where chemical bonding takes place over a larger scale and involves a 
greater number of atoms, such as in the case of crystalline solids (such as crystalline silicon 
[44,45]) and macromolecules (such as oligoacenes [46-49]), multiple splitting occurs due to 
the significant amount of participating atomic orbitals. The energy diagram for the resulting 
material closer resembles the cartoon shown in Figure 2.1b which includes two distributions 
of electronically occupied and unoccupied orbitals, otherwise addressed as states, with 
discrete energy levels. When the density of states formed is sufficiently high, these 
distributions can be considered continuous and are described under semiconductor 
conventions as the valence band (VB) and conduction band (CB) respectively. For inorganic 
semiconductors, the highest occupied point of the VB is called the valence band maximum 
(VBM) while the lowest unoccupied point of the CB is called the conduction band minimum 
(CBM). Nomenclature-wise for organic materials, the former is addressed as the highest 
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occupied molecular orbital (HOMO) while the latter the lowest unoccupied molecular orbital 
(LUMO). Consequently, the ionization energy (IE) of a material describes the energy 
required to extract an electron from the VBM or HOMO to vacuum level (Evac), whereas its 
electron affinity (EA) refers to the energy released by adding an electron from Evac to the 
CBM or LUMO.  
 Whether a material is categorized as a metal, semiconductor, or insulator depends on 
its electrical properties; this is in turn largely dependent on the width of its band gap (Eg) 
which is determined by the difference between its IE and EA values. Metals can be 
considered to be always conductive; the Eg of metallic compounds can be considered non-
existent as their CB and VB energetically overlap, leading to a perpetual abundance of 
delocalized valence electrons. Semiconductors, on the other hand, typically possess a small 
Eg (Eg < 4 eV) which affords a significant statistical probability for the excitation of electrons 
from the VB to the CB by thermal energy (kBT, where kB is the Boltzmann constant, and T 
temperature). This results in a temperature-dependent conductivity for semiconductors from 
the thermally induced formation of charge carriers (vacancies, or holes, in the VB, and 
electrons in the CB). Insulators are considered to have no electrical conductivity due to Eg 
which are too large to allow for any significant thermal activation of charge carriers. 
 
2.1.2 Intrinsic, p- and n- Type Semiconductors 
Semiconductors can be further described as being intrinsic or extrinsic in nature. An 
intrinsic, undoped, semiconductor is one that is devoid of structural defects and chemical 
impurities [50]. This means that the conductive properties of the undoped semiconductor, 
sometimes addressed as an “insulator”, are purely based on the density of thermal- or photo- 
induced charge carriers such as holes and electrons. On the other hand, extrinsic 
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semiconductors are doped by structural defects or chemical impurities, and can be 
categorized as either p-type or n-type depending on whether the dopant is electron accepting 
or donating respectively in relation to the intrinsic material. In this case, the charge carrier 
densities, and thus electrical conductivity of extrinsic semiconductors are largely based on the 
doping density. 
 
Figure 2.2. Fermi level EF positions and work functions Φ of general a) intrinsic, b) p-type 
and c) n-type semiconductors relative to vacuum level Evac 
 
At thermodynamic equilibrium the Fermi level (EF), or electrochemical potential of 
electrons, of an intrinsic semiconductor lies exactly between the CBM and VBM for 
inorganic semiconductor, or LUMO and HOMO in the case of organic semiconductors 
(Figure 2.2a). The energy difference between the EF and Evac of a material is also described 
as its work function (Φ). For p-type semiconductors, the presence of electron accepting 
dopants increases the density of holes in the VB, thus shifting the EF towards the VBM or 
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HOMO (Figure 2.2b) and generally increasing hole conductivity. In n-type semiconductors, 
electron donating dopants increase the density of electrons in the CB, and an opposite shift in 
the EF towards the CBM or LUMO is achieved (Figure 2.2c) alongside a general increase in 
electron conductivity. 
Unless explicitly doped, organic semiconductors can conventionally be treated as 
intrinsic in nature. Despite this, due to legacy nomenclature from early silicon solar cells 
based on a doped p-n structure, an organic semiconductor which is used as an electron 
acceptor and for electron transport in a junction solar cell such as fullerenes is termed as n-
type, whereas semiconducting polymers used as electron donors and for hole transport are 
described as p-type.  
 
2.1.2 The Photovoltaic Effect  
First observed by A. E. Becquerel in 1839 [51,52], the photovoltaic effect is central to 
the operation of a solar cell and simply describes the formation of an electrical potential in a 
material following exposure to light. When a photon of wavelength λ, with a corresponding 
energy value of hc / λ where h is the Planck’s constant and c the speed of light, is incident on 
a semiconductor, it has the potential to be absorbed. This leads to the excitation of an electron 
from an occupied state in the VB immediately into an unfilled state in the CB which is hc / λq 
higher in potential, where q is the elementary charge. The likelihood of this photoabsorption 
is dependent on the distribution of the density of states in the CB and VB, and the occupancy 
of these states, and is roughly summarized by a wavelength specific absorption coefficient. 
Obviously the Eg of a semiconductor limits the extent of photoabsorption; when the energy of 
the incident photon is smaller than Eg  (hc / λ < Eg) there is no unoccupied state for valence 
electrons to be excited to, and thus absorption of the photon does not occur. 
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Photoexcitation of an electron from the VB to the CB leads to the formation of a hole 
in the VB. The promoted electron and newly formed hole are in close proximity and hence 
attracted to each other by electrostatic Coulomb forces. The resulting electron-hole pair, or 
exciton, is thus an electrically neutral quasi-particle with a characteristic excitonic binding 
energy, equivalent mass and diffusion length LD dependent on the semiconductor material. 
 The role of photovoltaic devices is then to harvest the photogenerated potential by 
extracting the individual charge carriers. However, organic semiconductors are significantly 
distinctive in their physical properties from inorganic semiconductors and thus operate 
differently in solar cells; the operation of OSCs will thus have to be specifically discussed in 
greater detail below. 
  
2.2 Organic Photovoltaics 
In the overall development of photovoltaics as a technology, the field of organic 
photovoltaics is relatively recent [53,54]. The earliest displays of photovoltage in organic 
based devices involved the sandwiching of an organic small molecule layer between two 
electrodes [54-56]. These devices mainly exhibited poor efficiencies due to lacklustre charge 
separation and extraction properties, and thus ill fit for practical application. A breakthrough 
occurred in 1986 when Tang reported a 1% efficient bilayer OSC that relied on two distinct 
layers of organic small molecules; the first acted as a light-absorber and electron donor while 
the second acted as an electron acceptor [6]. Within a decade, OSCs were further improved 
when use of a solution processable BHJ in the organic layer was introduced by Heeger et al. 




2.2.1 Bulk Heterojunction Morphology 
The use of the BHJ morphology in OPV is mainly due to one of the main differences 
between inorganic semiconductors and organic semiconductors: the magnitude of their 
relative permittivity, or dielectric constant ε. Typically, inorganic semiconductors have high ε 
values > 10, while organic semiconductors have low ε values ~3-4. High ε in inorganic 
semiconductors allows for significant screening of the Coulombic interaction between holes 
and electrons, leading to Wannier excitons with small binding energy in the order of a few 
meV [45]. In contrast, Coulombic screening is weak in organic semiconductors due to the 
low ε, bringing about the formation of Frenkel excitons that exhibit binding energy of a few 
tenths of an eV [59,60]. At room temperature, thermal energy (T = 300K, kBT ~ 26meV) is 
sufficient to dissociate the Wannier excitons into free carriers, but not the strongly bound 
Frenkel excitons. Consequently, the photogenerated Frenkel excitons in organic 
semiconductors have low equivalent masses and LD of a few nanometers prior to annihilation 
by excitonic recombination. 
Since Frenkel excitons in organic semiconductors are unlikely to spontaneously 
dissociate into free carriers due to high binding energy, a material interface with a steep 
gradient in EA would be necessary to overcome said binding energy. Furthermore, to 
maximise charge separation of these excitons, it is also necessary to ensure that the electron 
hole pairs are close enough to this material interface from their point of generation to reach it 
within their exciton lifetime τex. Both the strong binding energy and short LD are overcome by 




               
Figure 2.3. Schematic of the BHJ morphology of an electron donor material and an electron 
acceptor material 
 
The BHJ morphology, as graphically represented by the cartoon in Figure 2.3, 
involves a blend of two, or more in some cases, ideally continuous phases of semiconductor 
materials, with one functioning as electron donor, and another as electron acceptor. The 
electron donor is usually responsible for light absorption, but the electron acceptor sometimes 
plays a similar role. As such, the EA of the electron acceptor is between the EA and IE of the 
electron donor to promote efficient interfacial electron transfer, while its IE should be larger 
than that of the electron donor to ensure the same for holes [61]. 
The percolating network of electron acceptor and electron donor phases effectively 
reduces, based on their domain sizes in the blend layer, the distance necessary for excitons to 
diffuse to a donor-acceptor interface. This allows for the fabrication of devices with thicker 
light absorbing layers that have the capacity to absorb more light. Together with a high 
density of donor-acceptor interfacial area in the BHJ layer, these devices amply convert the 
incident photons to dissociated carriers. 
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2.2.2 Principles of Operation 
The operation of a photovoltaic device involves systematically photoabsorption and 
photoexcitation (or formation of excitons), diffusion of excitons to an electron donor-acceptor 
interface, charge separation, charge transport towards their appropriate electrodes, and charge 
extraction. Each of these processes plays an important role in the function of a solar cell, and 
play a part in determining its overall efficiency. Understandably, a breakdown in any of these 
steps can seriously impact the operation of the solar cell; the operational lifetime of a device 
can thus be undermined by failure in any of these physical processes. To better understand 
this sequence of processes, the energy schematics of a typical OSC in short-circuit is 
represented in Figure 2.4 below. 
 
Figure 2.4. Schematics of a solar cell in short-circuit and the physical processes involved in 
its operations: 1) photoabsorption and photoexcitation, 2) diffusion of exciton to electron 
donor-acceptor interface, 3) charge dissociation and formation of charge transfer complex, 4) 
separated charge carriers drift towards electrodes, and 5) charge extraction.  Black circles 
indicate electrons;  empty circles indicate holes; dotted arrows indicate Coulombic 
interaction 
 
 For a solar cell meant to operate in outdoor conditions, it is important for the light 
absorption profile of the chromophores in the photoactive layer to overlap well with the 
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spectra of terrestrial solar irradiance. To this end, many photovoltaic systems have been 
developed around the AM1.5G solar simulation spectrum shown in Figure 2.5 below that has 
become the standard used in the characterization of solar cells [62,63]. For greater clarity, a 
spectra describing photon flux density of solar irradiance is also included since the frequency 
of photoexcitation is heavily influenced by the incident photon flux. Considering the two 
spectra, terrestrial solar cells are typically photoactive in the visible and near infrared region 
to maximize absorption [61]. 



































Figure 2.5. Spectra showing the AM1.5G terrestrial solar irradiance (black), and the 
calculated photon flux (red) considering each photon equated to a discrete energy value of hc 
/ λ. The solar spectrum was obtained from reference [64] 
 
As previously described, absorption of an incident photon with energy greater than 
the band gap leads to the formation of an exciton in the absorbing layer. In the case of “hot” 
excitons, i.e. excitons where the electron was excited into the CB as opposed to the CBM, the 
excited electrons quickly undergo nonradiative decay to the CBM, leading to loss of excess 
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potential for absorbed photons with energy greater than Eg [65]. The exciton then diffuses to 
an electron donor-acceptor interface within its lifetime τex, whereupon it dissociates from the 
quick transfer of the bound electron into the electron acceptor phase due to a potential 
difference. The dissociated charge pair at the electron donor-acceptor interface remains in 
close proximity and has the potential to reform a charge transfer (CT) complex (Figure 2.5). 
The CT complex again exhibits Coulombic attraction between the geminate pair. The 
difference between the donor HOMO and acceptor LUMO reduced by the CT binding energy 
limits the CT energy of the complex. This in turn largely determines the open-circuit voltage 
(VOC) of the solar cell [66-69], a photovoltaic parameter which will be discussed later. 
Splitting of this CT complex is then effected by a built in electric field within the photoactive 
layer [70] caused mainly by a difference in electrode Φ [6,62,71]. The free carriers are then 
transported across the electron donor and acceptor phases respectively to the positive (anode) 
and negative (cathode) electrodes as drift current due to the same built in field. Transport of 
free carriers within the electron donor and acceptor materials is generally based on their hole 
and electron transport mobility respectively which can be impeded by the presence of traps 
[49,72,73]. Finally, charge extraction occurs when the free carriers arrive at the electrode 
contacts. Depending on the Φ mismatch between the organic semiconductor and the electrode 
material, there could either be a Schottky potential barrier or ohmic contact for majority 
carriers at the extracting electrodes (holes at the anode, electrons at the cathode) [50,74]. This 
Schottky barrier presents a parasitic contact resistance which opposes charge extraction at the 
electrodes and so degrades device efficiency. An ohmic contact is thus desirable for improved 




2.2.3 Photovoltaic Parameters and Model of Solar Cells 
The electrical function of photovoltaic devices can be described by the relationship 
between their current flux (J) and the magnitude of the applied bias (V). An example of this 
J-V relationship is presented in the sample J-V curve below for a solar cell under illumination 
(Figure 2.6). 
 
Figure 2.6. Sample current-voltage curve of a solar cell under illumination, including labels 
for VOC, JSC, Vmax, Jmax, RSH, RS and the mpp 
 
 As shown, the VOC is indicated as the voltage where the device experiences no current 
flux, and the short-circuit current (JSC) is indicated as the current density when no external 
bias is applied. The surface power density (power per unit area) of any given solar cell is 
specified as the product of V and the resulting J. The maximum power point (mpp) indicates 
the conditions, or voltage (Vmax) and current density (Jmax), where the solar cell does the 
maximum amount of work possible. The fill factor (FF) (not shown) is the ratio between the 
surface power density at the mpp, and the product of VOC and JSC as shown in Eq. (2.1): 
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 ܨܨ ൌ ௏೘ೌೣ∙௃೘ೌೣ௏೚೎∙௃ೞ೎  (2.1) 
The FF can be thought of as a description of how “square” the J-V curve. A higher FF 
indicates a more rectangular curve shape; at bias before VOC the curve is flatter; the curve 
starts to rise at bias closer to the VOC, and rises more sharply. Indirectly, the FF vaguely 
describes the loss of device efficiency from parasitic losses due to high series resistance (RS) 
and low shunt resistance (RSH). The PCE (η) of a photodiode is strictly the ratio between the 
maximum electrical energy flux (Pmpp), and the intensity of the incident illumination (Pin) 
expressed in Eq. (2.2):  
 ߟ ൌ ௉೘೛೛௉೔೙ ൌ
௏೚೎∙௃ೞ೎∙ிி
௉೔೙  (2.2) 
As indicated in Chapter 2.2.2 above, the AM1.5G solar spectrum is commonly used in the 
characterization of solar cells to represent terrestrial irradiance. A Pin of 100 mW/cm2 is thus 
frequently used for earth surface conditions.  
 
 
Figure 2.7. Model circuit diagram of a solar cell under illumination 
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 For simplification reasons, a non-ideal solar cell can be broken down and represented 
by a commonly used equivalent electrical circuit diagram as shown above in Figure 2.7 
[75,76]. An ideal solar cell can be described as a photocurrent (Iph) source in parallel with an 
opposing diode current (ID). The non-ideal solar cell however involves parasitic resistances in 
the form of a RSH which leads to current losses and a RS which leads to voltage losses, as 
implied by changes in curve shape expressed as FF mentioned above. The RSH can be 
approximated from the solar cell I-V curve’s gradient at short-circuit: 
 ܴௌு ൎ డ௏డூ , ܸ ൌ 0 (2.3) 
The RS on the other hand can be approximated from the I-V curve’s gradient at open-circuit: 
 ܴௌ ൎ డ௏డூ , ܫ ൌ 0 (2.4) 
Another non-contradicting equivalent circuit model will be introduced later on in Chapter 6 
to serve as the background for simulation purposes. However, that model shall be expounded 
upon in said chapter instead of here for brevity’s sake. 
 
2.3 Degradation of Organic Solar Cells 
In order for there to be meaningful discourse regarding the degradation of OSCs, it is 
necessary to first standardize the methodology of lifetime characterization. The absence of a 
fixed protocol does not reduce the credibility of a lifetime study; it is however difficult to 
relate the results of one study to another. To circumvent the lack of standardization, Krebs et 
al arrived at a consensus for a list of stability testing protocols in 2011, establishing the 
groundwork for future discussions on OPV reliability [77]. 
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2.3.1 Conventions of Stability Studies 
For the description of a solar cell lifetime study, it is necessary to clarify a number of 
physical factors that include the following: lighting conditions, atmospheric conditions, 
electrical loading, temperature conditions, whether the devices have been encapsulated and 
how. The consensus introduced in 2011 included the following general aging conditions 
where the solar cells can be aged 1) in the dark, 2) in outdoor conditions and 3) in a 
controlled laboratory lighting environment. The consensus also included accelerated aging 
conditions which thermally, humidity or oxidative stress the devices. Although outdoor 
testing best represent actual solar cell operation, complications arise in the form of irregular 
conditions due to shifting day-night cycles and weather conditions. Controlled laboratory 
testing is thus preferred since there is little ambiguity in the testing conditions as they can be 
predetermined or at least easily monitored. For the lifetime studies described in this thesis, we 




Figure 2.8. Sample graph of the degradation of a solar cell’s normalized PCE against aging 
duration, including “burn-in” duration 
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Another area that demands care when describing lifetime studies of solar cells is the 
method of reporting regarding the duration of aging. Prior to the establishment of the lifetime 
study consensus, there have been irregularities in the method which groups determine the 
“lifetime” of OSCs [77,78]. Some groups determined the lifetime of a solar cell as the 
amount of time taken by a solar cell to degrade to 50% of its initial PCE under stipulated 
testing conditions [79-82]. Other groups dictated the end-point of a solar cell’s lifetime as 
when it is degraded to 80% of its initial PCE [21,83,84]. The former can be abbreviated as the 
device’s T50 and the latter as its T50. Above is a cartoon graphically representing the 
locations of T50 and T80 (Figure 2.8).  
Adding further confusion is the consideration for the “burn-in” period of a solar cell. 
The “burn-in” refers to the initial step in the degradation of a solar cell undergoing steep 
changes in its performance prior to arriving at a more stable state, either immediately after 
fabrication or in the early stages of device aging. Most groups consider the “burn-in” period 
as inevitable, and set the start of the stability testing duration at the end of the “burn-in”. A 
serious issue arises when this happens: the determination of the “burn-in” duration is at best 
arbitrary which results in a widely varying pseudo-initial efficiency ηin due to the steep 
gradient in η during that period. A lower ηin leads to a higher normalized value of η during 
the aging process, which in turn increases the estimates of T50 or T80 significantly. Care 
must thus be taken in determining the “burn-in” duration to avoid over- or under- estimation 
of the lifetimes of a solar cell.  
Aside from poorly estimating device lifetimes, dismissing the “burn-in” period when 
considering degradation overlooks some critical early-stage degradation mechanisms. If the 
“burn-in” losses were relatively small, there would be little issue concerning the disparity 
between ηin and reported device efficiency. However, if “burn-in” losses were significant, the 
associated physical processes could represent a major cause of degradation. ηin ceases to 
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accurately represent the degradation of a high efficiency device, and as mentioned above 
leads to severe overestimation of the device’s lifetime. It is therefore important to not dismiss 
the “burn-in” when the magnitude of loss within that duration is significant. 
It is thus in the interest of this thesis to consider the “burn-in” component of device 
degradation as a part of the aging process. For the lifetime studies presented herein we avoid 
dismissing the “burn-in” duration by charting from immediately after the fabrication of the 
OSCs. Our ηin is thus set as the reported device performance. In Chapters 5 and 6 we 
examine specifically changes in the physical processes of our OSCs during the “burn-in” 
duration to identify the underlying causes of degradation. 
 
2.3.2 Areas of Degradation in Bulk Heterojunction Organic Solar Cells 
For a fully processed OSC, losses in device performance can occur as a result of 
degradation at many possible physical locations within the solar cell. This degradation can 
take place within the donor/acceptor materials [15,17,85-87], the donor-acceptor interface 
[19,20] or the charge extracting contacts [15,88,89] non-exclusively. In addition to their 
locations, these degradation processes can be further categorized as being intrinsic or 
extrinsic in nature.  
Intrinsic degradation refers to degradation due to inherent instabilities of the materials 
or material combinations used in fabricating the OSC. They occur spontaneously in the 
absence of external stimuli, and are generally hard to avoid. Extrinsic degradation refers to 
degradation due to external stimuli such as the chemical ingress of moisture [88,90-92] or 
oxygen [15,16], temperature changes [19,20], and high-energy illumination [16,18,87]. For a 
prototypical OSC based on a P3HT:phenyl-C61-butyric acid methyl ester (PCBM) bulk-
heterojunction active layer with geometry shown below (Figure 2.9), the more commonly 
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reported degradation mechanisms are the photo-bleaching of P3HT [16,18,87], phase 
separation of the P3HT:PCBM blend [19,20], oxidation of the active layer [15,17,85-87] and 
cathodic composition [15,24,25,89] by ambient moisture and/or oxygen, and diffusion of In 
atoms into the poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) hole 
transport layer [25]. 
 
 
Figure 2.9. Schematic of a typical OSC based on a P3HT:PCBM heterojunction active layer, 
with some possible sites for the degradation of the device 
 
Some of the more common stability issues faced by the organic light absorbing layer 
are as follows:  
1.   Photo-bleaching of the organic chromophores reduces the extent of photoabsorption and  
      thus photocurrent JSC.  
2.   Phase separation of the blend layer increases the distance necessary for excitons to travel  
      to a donor-acceptor interface, reducing the IQE.  
3.   Oxidation of the blend layer leads to further bleaching of the organic chromophores, and  
      introduces deep charge traps that impede charge transport, damaging device FF.  
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Considering the vast possibilities in the design of organic materials, these susceptibilities to 
degradation in the organic blend have the potential to be reduced by the synthesis of more 
efficient and robust materials. Losses due to degradation of the organic blend layer however 
are not the focus of this thesis; the above points will not be further expounded upon. 
Improving the intrinsic and extrinsic stability of the electrical contacts on the other 
hand is trickier. The design of an efficient solar cell necessitates the use of a low work 
function cathode that is intrinsically more vulnerable to oxidation than the organic layer. In 
theory, the moisture and oxygen stability of OSCs can be heavily enhanced through the use of 
suitable encapsulation with minimal permeation [88,94]. However, encapsulation is still 
ultimately a stop-gap measure as it is not absolutely failure proof. Thus it is still important to 
work towards improving the extrinsic stability of these OSCs.  
 
 
Figure 2.10. Diagrams showing the simplified architecture of a “normal” and an “inverted” 
solar cell 
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In addition to encapsulation, a potential workaround for the high oxidative potential 
of the cathode is by reducing exposure of the cathode material to ambient environment 
through burying it under the organic layer via an “inverted” geometry, where the cathode is 
bottom-lying and the anode is top-lying (Figure 2.10). “Bottom” here refers to the electrode 
being on the substrate side, while “top” refers to being on the opposite side of the active layer. 
To date, there have been several reports of significantly improved shelf lifetimes in inverted 
OSCs without encapsulation [28,31]. Despite the inverted geometry having the potential to 
significantly improve devices’ extrinsic stability, there have only been a handful of reports 
mentioning improved operational lifetimes in OSCs [23,95,96]. For the purpose of this thesis, 
we direct our focus on studying the stability of encapsulated OSCs towards specifically the 
bottleneck that is the cathode layer and the materials related in its preparation. 
 
 
2.4 Electrodes and the Function of Interfacial Layers 
Aside from the materials used in the organic photoactive layer, the operation and 
efficacy of an OSC is heavily influenced by the physical and electrical properties of the 
sandwiching contact layers. The primary function of the electrical contacts in a solar cell is 
the extraction of either holes or electrons specifically in the case of the anode or cathode 
respectively. The charge extraction properties of an electrical contact are determined by the 
energy alignment of that contact with the organic layer. This alignment is in turn subjective to 
the Φ of the working contact’s surface. 
To maximise the bias dependent charge carrier extraction (and thus VOC) in a solar 
cell, it is desirous to establish an ohmic contact for majority carriers at the anode and the 
cathode (holes and electrons respectively) [71,97]. As a rule of thumb, ohmic contact for 
holes is achieved when the Φ of the anode is higher than the IE of the donor material, and the 
same for electrons when Φ of the cathode is lower than the EA of the acceptor material. For 
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an OSC, the difference in the Φ between anode and cathode contacts establishes a built in 
electric field that roughly limits the VOC of the device. When the built in electric field is high, 
the VOC is alternately limited instead by the difference between the HOMO of the donor and 
the LUMO of the acceptor due to Fermi level pinning [71]. 
The electrode geometry of an OSC, as mentioned in Chapter 2.3.2, is determined by 
the Φ of the bottom-lying and top-lying electrodes. Conventionally, a near metallic layer of 
transparent conducting oxide (TCO) tin-doped indium oxide (ITO) on glass is used as 
bottom-lying electrode. The Φ of ITO, even with physical surface treatments, is relatively 
high [98,99] and thus more suited for application as anode. In order to achieve inverted 
geometry, it is necessary to modify the Φ of the ITO surface.  
The addition of an interfacial layer on an electrode influences its charge extracting 
behaviour by shifting its Φ. By depositing a thin layer of polyelectrolyte, it is possible to 
moderate the surface potential of ITO positively [100,101]. The deposition of a considerable 
thickness of a low Φ metal oxide such as zinc oxide (ZnO) or titanium oxide (TiOx) onto ITO 
can also affect the surface potential by replacing it altogether. It is important here to strike a 
balance between sufficiently thick interfacial layers to stabilize surface Φ, yet not too thick 
that it brings about an undesirably high contact resistance. A high Φ material as interfacial 
layer on the top of the active layer complements the high surface potential on the bottom 
electrode to achieve the inverted geometry. To date, the use of ZnO and TiOx in inverted 
OSCs is ubiquitous [28-30,102-105]. 
Interfacial layers also fulfil the purpose of promoting charge specificity at the 
electrode contacts. This means that the anode and cathode only extract majority carriers while 
effectively preventing either injection or extraction of minority carriers (electrons and holes 
respectively). As opposed to an ohmic contact for majority carriers, effective Schottky 
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barriers for minority carriers are necessary to ensure optimal photovoltaic performance. This 
is often achieved by using a large Eg semiconductor with a deep VBM or shallow CBM as 
interfacial layer to block the extraction of holes or electrons respectively. At the same time 
the interfacial layer should have a deep CBM or shallow VBM to effectively extract electrons 
and holes respectively. These layers are commonly termed as “electron transport layer” (ETL) 
and “hole transport layer” (HTL) that adequately describe their function. While ZnO and 
TiOx commonly act as ETL, there have also been reports of a thin fullerene layer 
complementing its function [106-109]. The wide Eg additionally blocks the diffusion of 
excitons into the semiconductor layer: a process that would have facilitated their annihilation 
leading to photocarrier loss. The concept of charge specificity of the electrodes will be further 
examined in Chapter 5. 
So far, the role of interfacial layers at the electrical contact is predominantly to 
promote the extraction of majority charge carriers specifically. We can thus approach 
understanding the failure of the electrical contacts from the direction of examining the 
changes in charge carrier extraction and blocking properties of these contacts.  
 In addition to modifying electrode charge extracting behaviour, the use of interfacial 
layers also 1) affect the morphology of BHJ blend films prepared by wet deposition through 
altering the surface topography and surface energy [110], 2) act as optical spacers to modify 
the spectral overlap of incident radiation with the bulk thickness to maximize 
photoabsorption and IQE [111,112]. While important, these effects are considered secondary 




Materials and Experimental Procedures 
We describe in this chapter the materials used in the fabrication of organic solar cells 
in both normal and inverted electrode orientation. The methods employed in the 
characterization of their photovoltaic performance and physical properties are also included, 
unless specifically mentioned to be explicitly described elsewhere. 
 
3.1 Materials 
A simple BHJ solar cell requires an electron donor and electron acceptor material that 
comprises a photoactive blend layer. The application of suitable hole and electron transport 
layers or modifications with high and low work functions respectively was used to determine 
the charge extracting geometry of the devices.  
 
3.1.1 Active Layer 
Since the nature of this thesis concerns itself with the reliability of OSCs with a focus 
on the operational degradation of the cathode interfacial layer, there is a need to minimize the 
amount of uncertainty with respect to the influence exerted by the photoactive layer. For this 
reason, the experimentation hereafter focuses itself on the description of OSCs prepared from 
well-known benchmark materials of P3HT and PCBM dissolved in 1,2-dichlorobenzene (o-
DCB). Figure 3.1 shows the chemical structure of these two electron donor and electron 
acceptor materials. The P3HT in this thesis was purchased from Rieke Metals Inc. (4002-EE, 
regio-regularity = 92%, Mn = 23600, Mw = 52000, PDI = 2.2) and used as received. The 
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PCBM in this thesis was purchased from Nano-C Inc (99.5% purity) and used as received. o-
DCB was purchased from Sigma-Aldrich (anhydrous, 99%). 
 
Figure 3.1. Chemical structures of electron donor P3HT and electron acceptor PCBM 
 
3.1.2 Electrode Interfacial Layers and Contact Materials 
For the study of inverted OSCs included in this thesis, the charge extracting behaviour 
of ITO was modified towards electron collection either by the deposition of an ETL or direct 
modification by an ultrathin Al layer. The ETLs based on the use of a ZnO thin film 
investigated in Chapters 5 are prepared from a solution of ZnO dissolved in NH3 (aq) as 
described by Wei et al [113].  The ETLs based on a ZnO thin film investigated in Chapter 6 
are processed from either an aqueous solution similar to above, or a sol-gel precursor 
described by Heeger et al [103].  
Anhydrous ZnO (99.999% purity) and NH3 (aq) (28.0 – 30.0 %) used in the 
preparation of the aqueous ZnO solution were purchased from Sigma-Aldrich. Zinc acetate 
dihydrate (Zn(CH3COO2.H2O (99.9% purity), ethanolamine (NH2CH2CH2OH) (99.5% purity) 
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and 2-methoxyethanol (CH3OCH2CH2OH) (99.8% purity) used in the preparation of the ZnO 
sol-gel precursor were purchased from Sigma-Aldrich. 
The HTL for all the sampled devices were based on a deposition of either a 
molybdenum oxide (MoO3) thin layer, or a PEDOT:PSS solution. The MoO3 used to create 
the hole-transporting back contact for inverted OSCs was purchased from Sigma-Aldrich. 
The commercially available PEDOT:PSS solution used to deposit top-lying HTL for an 
inverted OSC in Chapter 6 and bottom-lying HTL for the normal OSC in Chapter 4 was 
purchased from H. C. Stark as Clevois P VP AI 4083. 
The metallic Al used as interfacial modification for inverted OSCs through the thesis, 
and as cathode contact for the normal OSC in Chapter 4 was purchased from Alfa Aesar. 
Metallic Ag used as an anode contact for inverted OSCs was purchased from Strem 
Chemicals Inc.  
 
3.2 Device Preparation 
The processes behind the preparation of the OSCs investigated in Chapter 4-6, of 
both inverted and normal architecture, and of various compositions of HTLs and ETLs, are 
described here. Due to the wide variety of structural assemblies, a general description for the 
preparation of the OSCs will first be given, followed by the provision of more specific details. 
Prior to device fabrication, various solutions from which the P3HT:PCBM active 
layer, ZnO ETL and PEDOT HTL are deposited have to be prepared. The P3HT:PCBM 
solutions were prepared by dissolving 20 mg of P3HT with 16 mg of PCBM into each 1 ml of 
o-DCB under an inert atmosphere (N2, < 1 ppm O2 and H2O). The mix was stirred at 300 rpm 
and 70 °C for 2 hr, then left to continue stirring at 45 °C overnight. The aqueous ZnO 
solution was prepared by dissolving 80 mg of anhydrous ZnO in 10% NH3 (aq), followed by 
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storage at 10 °C overnight to form a solution with an approximately 0.1M concentration of 
Zn. The 10% NH3 (aq) was prepared prior to solution by diluting the purchased NH3 (aq) 1:2 
with deionized water. The ZnO sol-gel precursor was prepared by dissolving 1 g of zinc 
acetate dihydrate and 0.28 g of ethanolamine in 10 mL of 2-methoxyethanol, followed by 
stirring overnight in air. 
All the cells reported in this thesis were fabricated on pre-patterned ITO coated glass 
substrates with a sheet resistance of ~13Ω/square. The ITO substrates were pre-cleaned 
mechanically by ultrasonication in detergent solution, deionized water, acetone and 
isopropanol for 10 minutes sequentially. The substrates were then cleaned by microwave-
induced argon-sputtering to remove any remaining organic contaminant on the surface.  
For the inverted OSCs, an interfacial layer was deposited onto the ITO substrate either 
in the form of an ultrathin layer of Al or a ZnO layer from either an aqueous or sol-gel 
solution. The process of depositing an interfacial layer will be described later. A 200nm thick 
organic light absorbing layer was then deposited by spin-coating the P3HT:PCBM solution 
(500 rpm, 120 s). Immediately before spin-coating, the P3HT:PCBM solution was filtered by 
pushing through a PTFE filer (0.45 μm). The resulting organic layer was left to dry for 2 hr in 
an inert atmosphere prior to thermally annealing at 140 °C for 10 min in the same inert 
atmosphere. The partial device was then capped with an anode comprising a MoO3/Ag 
bilayer (5 nm and 100 nm, 0.2 Å/s and 1 Å/s) applied via thermal evaporation in vacuo (2x10-
4 Pa). 
For the normal OSC studied in Chapter 4, a 15nm thick PEDOT:PSS HTL was first 
deposited onto the ITO substrate from the PEDOT:PSS solution via spin-coating (3000 rpm, 
60 s). The light absorbing layer of a P3HT:PCBM blend was then deposited onto the HTL 
similar to the process for inverted OSC above. The partial device was then capped with an Al 
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cathode layer (100 nm, 1 Å/s) applied via thermal evaporation in vacuo (2x10-4 Pa). The 
completed device was finally annealed at 140 °C for 10 min prior to measurement to optimize 
phase separation and organic/Al contact for an observed improvement in device parameters. 
The ultrathin layer of Al applied as cathode modification on ITO in Chapter 4 and 6 
were deposited directly onto the substrate via thermal evaporation (1.2 nm, 0.1 Å/s) in vacuo 
(2x10-4 Pa). The ZnO ETL in Chapter 5 and 6 prepared from an aqueous ZnO solution were 
deposited by spin-coating said solution in air (3000 rpm, 30 s) onto the ITO substrate, 
followed by annealing at 150 °C for 10 min. The ZnO ETL in Chapter 6 prepared from a 
sol-gel ZnO precursor was deposited by spin-coating the sol-gel in air (3000 rpm, 120 s) onto 
the ITO substrate, followed by annealing at 150 °C for 30 min. For devices in Chapter 5 and 
6 where the ZnO ETL is additionally modified by the application of an ultrathin Al layer, the 
ZnO deposited ITO substrates were transported into vacuo and the Al thermally evaporated 
onto the ZnO similar to above. For the inverted device in Chapter 6 where a PEDOT:PSS 
HTL is used in place of MoO3, the interfacial layer was spin-coated from a PEDOT:PSS 
solution (3000 rpm, 60 s) pre-mixed with 1% Zonyl fluorosurfactant (DuPont), followed by 
an additional annealing step at 150 °C for 10 min. 
The completed devices were edge-encapsulated with glass and an epoxy sealant with 
low moisture and oxygen permeation rates in an inert atmosphere prior to characterization. 
 
3.3 Characterization Methods 
For the photovoltaic performance characterization of the devices, their current-voltage 
behaviour were measured with a Keithley 2400 SourceMeter under 100mW/cm2 (AM 1.5G) 
simulated sunlight (San-Ei Electronics, XES-70S1, XES-S301S). Shadow masks were used 
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to define the active area (0.09cm2) to minimize the errors in measurement from edge effects 
[114].  
For device degradation studies, the studied samples were first stabilized prior to 
testing in an invert environment under N2 pressure for 3 days immediately after fabrication. 
Photodegradation of the OSCs in Chapter 4 were conducted under modified ISOS-L-1 
conditions: To determine their operational lifetimes, the devices were inserted into a 
homebrew testing chamber in ambient conditions where they were aged under a calibrated 
100 mW/cm2 white light illumination at 60±5 °C in open-circuit conditions. Calibration of 
illumination intensity was conducted by adjusting the white light intensity until the devices’ 
initial JSC under the white light matches their JSC under AM1.5G simulated sunlight. Due to 
the elevated testing temperature, accelerated degradation is expected. Photodegradation of the 
OSCs in Chapter 5 and 6 on the other hand were conducted under modified ISOS-L-2 
conditions: The devices were illuminated by the AM1.5G simulated sunlight source at 100 
mW/cm2 intensity in a glovebox with inert atmosphere and under open-circuit conditions. 
Temperature of the devices were maintained between 25-30°C by gas cooling during the 
aging process to minimize thermally induced degradation effects. 
 For photoelectron spectroscopy measurements, the samples were transferred ex-situ 
into an ultrahigh vacuum VG ESCALAB 220i-XL system prior to measurement. X-ray 
photoelectron spectroscopy (XPS) measurements in Chapter 4 utilized a monochromatic Al 
Kα (1486.6 eV) excitation source. Ultraviolet photoelectron spectroscopy (UPS) in Chapter 
5 utilized a He I discharge lamp (21.22eV) as excitation source. 
 For atomic force microscopy (AFM) measurements in Chapter 5, a Bruker ICON-
PKG setup was used to measure the surface profile of modified ITO samples via tapping-
mode. 
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For impedance spectroscopy measurements in Chapter 6, an Autolab PGSTAT12 
electrochemical instrument was used to measure the AC response of the OSCs within the 
frequency range from 1 MHz to 10 Hz. An alternating voltage with root mean square 
magnitude of 100 mV was used to generate the necessary current response. A NOVA 1.10.2 
software package from Metrohm Autolab B.V. was used to process the impedance data, as 






Efficient Solution-Processed Inverted Organic Solar Cells with an 
Aluminium Modified Indium Tin Oxide Transparent Cathode 
For the purposes of this thesis, the studying of the operational degradation of inverted 
OSCs focused on the electron extracting contact is desired. To this end, the inverted OSC of 
choice is the prototypical architecture based on a P3HT:PCBM polymer blend as active layer, 
and a ZnO ETL. In order to isolate and identify the performance degradation mechanisms 
related to the ZnO layer, we need to prepare inverted OSCs with alternative cathode layers 
that are otherwise similar for comparison.  
In 2010, Jiang et al. demonstrated inverted OSCs based on a P3HT:PCBM active 
layer consisting of ITO/Ca cathode and MoO3/Au anode that possess 750% greater shelf 
stability to normal structured OSCs [115]. Similar inverted OSCs based on ITO/Al cathode 
have also been reported with high device efficiency [116] comparable to or improved over 
inverted OSCs using a ZnO ETL. The ITO/Al cathode thus providing an alternative to the 
ubiquitous low work function metal oxide interlayer on ITO. Despite promising results, the 
operational stability of these inverted OSCs with Al-modified ITO (Al-ITO) has not yet been 
explored. In addition, the mechanism behind the work function reduction of this modified 
ITO electrode necessary to achieve charge extraction inversion is also poorly understood. To 
realize highly efficient OSCs with enhanced operational stability using the Al-ITO as cathode, 
it is first necessary to appreciate the chemical and work-function changes that occur at the 
ITO interface upon Al modification. Thus in this chapter we prepare inverted OSCs based on 
the Al-ITO as an analogue to the ZnO-based inverted OSCs and then study the formation of 
the resulting cathode, as well as the device’s long-term operational stability. 
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Figure 4.1. Schematics of inverted and normal-structure OSCs. 
 
Figure 4.1 above shows the comprising structure of the inverted and normal OSCs 
studied in this chapter. In addition to the inverted OSC with Al-ITO as cathode, a similar 
device sans the Al modification, and a conventional normal-structured OSC were fabricated 
for comparative studies. The photovoltaic performance of these OSCs based on P3HT:PCBM 
active layers with different electrode compositions were characterized (Figure 4.2) and 
summarized in Table 4.1 
 





ITO/Al/P3HT:PCBM/MoO3/Ag 0.60 10.30 0.68 4.16 7.1 
ITO/P3HT:PCBM/MoO3/Ag 0.31 9.80 0.39 1.18 14.7 
ITO/PEDOT/P3HT:PCBM/Al 0.59 9.98 0.63 3.67 8.7 
Table 4.1. Photovoltaic performance of inverted solar cells with and without an ultrathin 



















Figure 4.2. I-V characteristics of devices with various architectures: (A) 
ITO/Al/P3HT:PCBM/MoO3/Ag, (B) ITO/P3HT:PCBM/MoO3/Ag and (C) 
ITO/PEDOT/P3HT:PCBM/Al 
 
The inverted OSCs with Al-ITO was optimized across over 100 devices with respect 
to the thickness of the ultrathin Al layer, MoO3 HTL, and both pre- and post- annealing 
temperatures. For the sake of brevity, the variations undertaken in the optimization process 
are not described here. The optimal device exhibited incremental improvements in 
photovoltaic performances to the normal-structured devices with a higher VOC of 0.60 V, 
higher JSC of 10.30 mA/cm2 and better FF of 0.68. The resulting PCE of this inverted device 
is 4.16 %, which is a significant 13% increase over that of the normal-structured device 
(3.67%). This enhancement can primarily be attributed to an increase in JSC and FF. The 
probable reason for this improvement is a compositional gradient in the P3HT:PCBM active 
layer which favors the inverted architecture [117].  The ultrathin Al layer is shown to be 
beneficial towards efficient charge extraction, as depicted by the inverted devices with the 
unmodified ITO cathode exhibiting much lower VOC (0.31 V), FF and thus PCE. This 
suggests that the Al modification of ITO either lowers the charge extraction barrier height at 
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the organic/ITO interface, or leads to the formation of a stronger internal electric field across 
the organic layer. The series resistances, RS, of the inverted devices were approximated from 
dV/dJ of their respective J-V curves at open-circuit conditions. The reduction in RS from 14.7 
Ωcm2 to 7.1 Ωcm2 for the inverted devices by application of an ultrathin Al layer indicates 
that the surface modification has an additional effect of reducing contact resistance at the 
organic/ITO interface.  














Figure 4.3. IPCE measurement of P3HT:PCBM devices based on the inverted- and normal- 
structure 
 
 The external quantum efficiencies of inverted Al-ITO and normal-structure OSCs 
were examined via incident photon conversion efficiency (IPCE) measurements (Figure 4.3). 
Interestingly, the inverted devices exhibited higher conversion efficiencies around 550 nm 
than the normal-structure devices, and lower efficiencies around 350 nm. Due to higher 
photon flux at the longer wavelengths in the AM 1.5G spectrum, the apparent bathochromic 
shift resulted in a higher calculated JSC for the inverted device (9.7 mA/cm2) than for the 
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normal-structure device (9.4 mA/cm2). The higher calculated JSC here verifies the relationship 
of the experimentally measured JSC values above, where the inverted devices exhibit higher 
values to the normal-structured devices. The discrepancy between the magnitude of 
calculated and measured JSC is due to the use of a separate batch of samples. The difference 
in IPCE spectral shape between the inverted and normal-structured OSCs again suggests a 
different compositional gradient and deserves further investigation. 
 The organic/Al-ITO interface is relatively unreactive and contributes to the stability 
of OSCs in operation. Degradation studies were conducted on inverted-structure 
P3HT:PCBM devices fabricated using Al-ITO as bottom cathode and MoO3/Ag as top anode. 
Conventional devices using PEDOT:PSS as bottom-lying hole-selective layer and Al as top 
cathode were also included as a comparative benchmark. A total of 3 identical OSCs were 
monitored for each structural arrangement; their average normalized PCEs were tracked 
against total aging duration as show in Figure 4.4 below. Due to the uncharacteristic poorer 
performance of one inverted-structure Al-ITO OSC, the error margin for the inverted devices 
is wider than that for the normal-structured. 
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Figure 4.4. Operational lifetime of encapsulated inverted and normal-structure device under 
~100mW/cm2 (AM1.5G), 60±5 °C in open-circuit conditions for Al-ITO inverted (black) and 
conventional normal-structure (red) devices 
 
The early stages of OSC degradation can typically be differentiated into two steps: the 
initial “burn-in” period characterized by exponential loss of PCE, followed by an extended 
period of slow linear decay. Burn-in for the inverted-structure devices prepared from Al-ITO 
was observed to be steep within the first 10 h of aging, with a total 40% loss in PCE by the 70 
h mark. In comparison, the normal-structured devices experienced a gradual but almost linear 
burn-in of 70 h with an overwhelming 60% loss in PCE. The end of the burn-in period was 
chosen to be 70 h for both sets of devices and subsequent data points over the following 200 
h were fit linearly, presented graphically in Figure 4.4. If the effects of the burn-in period are 
disregarded, inverted-structure Al-ITO devices exhibited a 12.4% loss in PCE over 200 h of 
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aging, relative to its normalized value at the start of this linear decay. In the same duration 
and with the same analytical treatment, a much larger relative loss of 42.4% was observed for 
the normal-structured devices. This former rate of degradation is ~30% of the latter.  
The degradation of the inverted Al-ITO devices can be mainly attributed to reduction 
in JSC, which almost directly mirrors the change in PCE with time. However, degradation of 
the normal-structured devices cannot be pinpointed to any specific photovoltaic parameter, as 
it displayed an all-rounded decrease across the board. The inverted Al-ITO devices 
demonstrated superior FF against the normal-structured devices. It should also be noted that 
the VOC for the inverted OSC with Al-ITO cathode is remarkably robust, dropping by less 
than 5% throughout the duration of the long term study. The minimal shift in VOC suggests 
little to no increase in the majority carrier barrier heights, as well as minimal decrements in 
minority carrier barrier heights at the organic/MoO3/Ag and organic/Al-ITO interfaces. The 
significance of this will be further explored in Chapters 5 and 6. This further implies 
excellent stability of Al-ITO as a cathode layer. In contrast, the visible reduction in VOC for 




Figure 4.5. XPS spectra of (a) pristine ITO, (b) ITO modified with 1.2 nm Al. The Al 2p 
core level spectrum is relevant only for the Al-modified ITO. Dotted lines on the Sn 3d5/2 
spectrum indicate curve-fitting results which have been added for clarity 
 
To investigate the effect depositing an ultrathin layer of Al has on the surface bonding 
states of ITO, pristine ITO and Al-ITO were studied by Photo-Electron Spectroscopy in Air 
(PESA) and XPS. Work function measurements by PESA indicate a significant 0.7 eV 
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reduction in work function of ITO from 4.7 eV to 4.0 eV as a result of the addition of the Al 
layer. This naturally enhances electron extraction at the organic/ITO interface, verifying the 
abovementioned increase in VOC for inverted devices due to Al modification. Changes in the 
In 3d5/2, Al 2p, O 1s and Sn 3d5/2 XPS spectra were recorded and compared (Figure 4.5). The 
C 1s spectra were similarly recorded to indicate any possible binding energy shifts. 
Immediately obvious is the lack of any discernible shifts in the binding energy of the In 3d5/2 
and Sn 3d5/2 peaks. The peak position from the Al 2p core spectrum was at 74.5 eV which is 
characteristic of alumina, indicating that the ultrathin Al was essentially oxidized and that no 
metallic Al remained. For the In 3d5/2 spectra, no appreciable changes in spectral shape were 
observed between the ITO samples, suggesting that the composition of In was minimally 
affected by the modification process. For the O 1s spectra, a large shift in spectral shape was 
observed between the modified and pristine ITO substrates. Peaks from the pristine ITO can 
be attributed to O2- ions in the In2O3 lattice and residual surface contaminants [118,119], 
while the broad O 1s peak at 531.5 eV for Al-ITO can possibly be associated with an 
assembly of oxides following the formation of alumina. The Sn 3d5/2 spectra presented the 
most distinct changes, and were deconvoluted as shown in Figure 4.5 for ease of 
comprehension. Between the two ITO substrates, the onset of an additional peak at 
approximately 485 eV was observed upon Al modification. The significant shift in binding 
energy of this new peak from reported Sn 3d5/2 peak values for Sn4+ and Sn2+ in ITO suggests 
the presence of a new Sn electronic state, likely uncharged elemental Sn (Sn0) [119]. A direct 
implication of this evidence is the chemical reduction of Sn on the ITO surface upon addition 
of Al. It is likely deposited Al reacted with surface lattice O to form AlOx while indirectly 
breaking Sn-O bonds and chemically reducing charged Sn. This process occurred in-vacuo 
and resulted in the formation of a modified chemical state on the ITO surface. Surprisingly, 
this surface reduction of ITO by Al appears to selectively affect only the ionization states of 
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Sn2+ and Sn4+, but not In3+. This can be simply explained by the higher (favorable) standard 
electrode potential of Sn2+ (-0.13 V) and Sn4+ (+0.15 V) to In3+ (-0.34 V) [120]. In the 
absence of any distinct spectral binding energy shifts, we propose that the reduction in 
surface work function of ITO is due to the generation of this new surface chemical state, as 
opposed to the formation of a surface dipole. 
In summary, we have categorically demonstrated the enhancement in device 
efficiency and operational stability of OSCs by using an inverted-structure with ITO modified 
by an ultrathin (1.2 nm) layer of Al as bottom-lying cathode and MoO3/Ag as top anode. 
Inverted P3HT:PCBM devices fabricated from this arrangement exhibited a PCE of 4.16% in 
contrast with control normal-structured devices (3.67%), as well as greatly improved 
operational stability and lifetime. Rate of PCE degradation of inverted-structure devices 
under constant illumination was less than 30% that of normal-structure after consideration for 
burn-in. XPS and PESA studies indicate work-function reductions from 4.7 eV to 4.0 eV for 








Elimination of Burn-In Open-Circuit Voltage Degradation by ZnO Surface 
Modification in Organic Solar Cells 
n-type metal oxides such as TiOx and ZnO are commonly used in OPV as ETL [28-
30,102-105,109], as well as functioning as recombination layer in tandem cells [9,10,12,40]. 
Besides their application in OPV, both TiOx and ZnO have also been reported to be used as 
electron extraction layers in other types of solar cells such as dye-sensitized [32,33,121] and 
the more recent perovskite solar cells [34,35]. Devices prepared with ETLs based on TiOx 
commonly require an extensive ultra-violet (UV) light-soaking process to ‘activate’, 
otherwise presenting an S-shape, or inflection, in its current-bias curve [122]. While the 
nature of this S-shape is still of debate, the need for extensive UV light-soaking in TiOx based 
inverted OSCs is both detrimental to the stability of the organic light absorbing materials and 
impedes its photovoltaic function. For these reasons the use of ZnO as electron transport 
layer (ETL) is more desirable. 
 
There are numerous reports of OSCs with ZnO based ETLs demonstrating excellent 
shelf lifetimes [28,31]. While the shelf stability of ZnO based OSCs are unquestionable, the 
amount of reports made thus far regarding their operational stability is notably scarce. In one 
example, Manor et al. reported the formation of shunting channels in ZnO at the ZnO/organic 
interface following photo-aging under concentrated simulated sunlight [95]. This was marked 
by a significant loss of VOC, and a decrease in shunt resistance (RSH). While the article 
focused on the loss of RSH in correlation with an increase in photoconductivity of the ZnO 
layer, there was a lack of adequate mention of or explanation for the decrease in VOC. In 
another instance, Kuwabara et al. also reported on the photo-aging of inverted OSCs 
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employing the use of ZnO ETL prepared using different annealing temperatures [96]. While 
neither increased shunting nor diminished VOC values were explicitly commented upon, it 
does indicate that the UV content of simulated sunlight has an important role to play in the 
photovoltaic performance of these devices. 
 
In this chapter we examine the degradation of inverted OSCs based on a ZnO ETL 
under operational conditions, both with and without UV content. We show that these devices 
undergo a significant matter of minutes loss in VOC, the occurrence of which is dependent on 
the availability of UV light, and attempt to offer an explanation for this phenomenon. By 
depositing an ultrathin layer of Al onto the ZnO ETL, similar to in Chapter 4 and elsewhere 
[123], we modify the surface energetic profile of the bottom lying cathode. This 
simultaneously results in an enhancement in device performance and sequester the substantial 
VOC loss. These changes are then herein related to the idea of charge selectivity at the carrier 
extracting contacts, a concept that has been demonstrated elsewhere to influence the 
photovoltaic properties of OSCs [124,125]. 
 
 
Figure 5.1. a) Device architectures of inverted organic solar cells using a ZnO and Al-
modified ZnO as electron transport layers respectively. b) optical transmission profiles of 
ITO, ITO/ZnO and ITO/ZnO/Al electrodes 
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Two types of devices based on P3HT:PCBM light absorbing layer with an inverted 
architecture were again studied. The two types of devices are inverted OSCs with ZnO ETLs 
and a variant with the ZnO layer surface modified by the application of an ultrathin layer of 
metallic Al via thermal evaporation. The structures can be described as 
glass/ITO/ZnO/P3HT:PCBM/MoO3/Ag and glass/ITO/ZnO/Al/P3HT:PCBM/MoO3/Ag 
respectively (Figure 5.1a). Optical transmission profiles of the two cathodic arrangements 
are shown in Figure 5.1b. AFM topographical images of ZnO and Al-modified ZnO films 
are shown to be relatively similar in surface roughness (Figure 5.2). 
 
 
Figure 5.2. AFM topographical images of a) ZnO and b) Al-modified ZnO films. The root-
mean-square roughness is 3.26 nm for the former and 2.36 nm for the latter. The lack of an 
increase in surface roughness upon Al thermal deposition suggests that the Al material did 




Figure 5.3. Changes in the current-voltage behavior of devices with a) ZnO ETL under 
simulated sunlight for 5 min, b) ZnO ETL under UV-filtered simulated sunlight for 8 min 
(“before UV” describes a fresh device prior to any form of light exposure; the device displays 
inflections similar to devices with un-activated TiOx layers in literature, “0 min” refers to the 
device having been briefly exposed to 10s of unfiltered AM1.5G light to active ZnO 
photoconductivity) and c) Al-modified ZnO ETL under simulated sunlight for 5 min. Shifts 
in device d) VOC and e) normalized PCE tracked over light exposure duration 
 
We first probe the initial photovoltaic performance and subsequent short-term 
degradation of the described inverted devices under illumination as summarized in Figure 
5.3. This short-term degradation describes the ‘burn-in’ process in the degradation of a 
device. Commonly regarded in most lifetime studies as a period of time taken by the OSC to 
stabilize, this burn-in is often not included in most lifetime studies. However, it is also often 
responsible for a steep loss in device performances and should be considered if possible to 
mitigate. Figure 5.3a shows the evolution of the J-V curve of an inverted OSC based on a 
P3HT:PCBM blend and a ZnO ETL (device A) under continuous simulated sunlight. Device 
A yields an initial PCE of about 3.2% comparable to literature performances, and displays 
neither significant inflection point behavior nor shunting reported elsewhere. However, the 
efficiency of the device rapidly deteriorated to ~87% of its initial performance after 5 min 
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exposure (Figure 5.3e). Shifts in its J-V curves attribute this considerable loss in device PCE 
to a steep decrease of its VOC value from 0.57 V to 0.53 V. This change in VOC was tracked 
over time in Figure 5.3d. The approximated RSH value also showed a concurrent decline from 
about 1.2 kΩcm2 to 0.6 kΩcm2, indicating an increase in the shunting of photogenerated 
charges. This agrees with the observation made by Manor et al., albeit not at the same 
magnitude [95]. On the other hand, minimal changes in JSC were observed due to the short 
duration of exposure which limits the amount of photo-bleaching in the organic layer.  
 
Figure 5.3b shows the J-V curves for a similar ZnO based inverted OSC under 
illumination, except with UV light content excluded through the application of an UV 
longpass filter with a cutoff at 400nm (device B). A fresh device B with no prior exposure to 
UV content yielded an inflection around the VOC point. Even after 1 min of UV-filtered AM 
1.5G light-soaking, the inflection point did not diminish. However, upon 10 s light-soaking in 
full AM 1.5G simulated sunlight the inflection point disappeared (Figure 5.3b “0min”). This 
suggests that small quantities of UV illumination is still necessary for the induction of 
photoconductivity in the ZnO layer, not unlike extensive light-soaking for TiOx. Subsequent 
photo-aging of the activated device under UV-filtered simulated sunlight revealed little 
changes in VOC, as shown in Figure 2d. Unlike in device A, there was negligible change in the 
shunting behavior of device B under UV-filtered illumination, maintaining a RSH of about 1.3 
kΩcm2 throughout. In order to account for the diminished irradiance due to the use of an UV 
filter, device B was aged for up to 8 min as opposed to 5 min. To put into perspective, the 
device produced JSC values of 7.1 mA/cm2 and 8.1 mA/cm2 with and without UV filtration 
respectively. Comparisons between the J-V characteristics of devices A and B indicate a 
possibility that UV illumination is entirely responsible for the observed rapid deterioration in 
VOC and RSH.  
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In order to identify whether this UV-induced VOC loss is caused by effects within the 
organic bulk or at the contact interfaces, the same photo-aging process was carried out on a 
device with a modified ZnO ETL, wherein an ultrathin layer of Al was evaporated onto the 
surface of the ZnO film (device C). For convenience, we address this ETL as ZnO/Al. 
However, due to the low reduction potential of Al and the low thickness of the evaporated Al, 
it is unlikely to remain in elemental form. The ZnO/Al ETL resulted in an enhanced PCE of 
about 3.3% in device C. This minor improvement can be ascribed to an increase in the initial 
VOC, from 0.57 V to 0.59 V. Similar to in Chapter 4 and previous reports wherein thin layers 
of Al are evaporated onto metal oxides layers, a decrement in surface work-function is 
expected following Al oxidation by the ZnO layer, or by ambient oxygen [123,126]. We also 
find that device C exhibits no inflections in its J-V curve prior to UV-exposure, suggesting 
that the ZnO ETL benefitted from improved electron conductivity from an n-doping-like 
effect from the added Al. In addition to a slight improvement in its photovoltaic performance, 
the use of a ZnO/Al based ETL in device C appears to render it robust under illumination. 
When light-soaked for 5 min, no appreciable changes in its J-V characteristics were observed 
(Figure 5.3c). The shift in VOC for device C from 5 min light-soaking is minor (6 mV) 
relative to device A (38 mV). Similar to device B, the RSH value under illumination remains 
unchanged with prolonged illumination, maintaining a value of 1.4 kΩcm2. The smaller shift 
in VOC and RSH here suggests that the processes linked to the observed photodegradation is 
primarily located at the ETL/organic interface.  
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Figure 5.4. Normalized values of a) VOC, b) JSC and c) PCE tracked over 8 hr of 
photodegradation for devices with variable transport layers and aging conditions. The results 
were derived from averaging the performances of 4 diodes for each testing condition 
 
The significance of the burn-in degradation process on the long term performances of 
these devices was highlighted by extended photo-aging up to 8 hr; continued decay in JSC, 
VOC and PCE parameters were tracked in Figure 3a, b and c respectively. A 32% and 18% 
loss in PCE for device A and device C respectively can be linked to a decrease in JSC, which 
appears to be independent of ZnO modification. This damage could be due to either the use 
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of a MoO3 hole-transport layer or the presence of trace oxygen or moisture in the glovebox as 
the JSC of inverted OSCs using PEDOT hole-transport layers have been reported as stable 
under dry nitrogen [95]. While the reason for this JSC loss is unclear, it does not detract from 
the obvious point that VOC values for both device B and C are relatively stable over long term 
photo-aging, which continued to decay for device A as demonstrated in Figure 5.4c. For 
greater clarity, the photovoltaic parameters associated with this degradation is shown below 
in Table 5.1. 
 
 





567±3 8.92±0.04 62.7±0.1 3.18±0.01 9.0±0.5 0.99±0.12 
Device B 
(0hr)† 
557±1 7.22±0.03 62.8±0.3 2.53±0.1 9.3±0.0 1.25±0.02 
Device C 
(0hr) 
593±2 7.95±0.05 69.6±0.1 3.28±0.02 6.5±0.1 1.43±0.09 
Device A 
(8hr) 
473±3 7.66±0.06 59.5±0.6 2.16±0.04 10.3±0.3 0.67±0.06 
Device B 
(8hr) † 
542±1 6.75±0.02 63.7±0.1 2.33±0.00 8.2±0.1 1.13±0.03 
Device C 
(8hr) 
581±1 6.73±0.04 68.3±0.1 2.67±0.01 6.3±0.1 1.28±0.05 
Table 5.1. Photovoltaic parameters of devices A-C before and after 8 hr 1 sun AM1.5G light 
exposure. The figures were obtained by averaging the performances of 4 diodes for each 




Figure 5.5. a) He I UPS spectra of the surface of ITO/ZnO and ITO/ZnO/Al before and after 
illumination, b) approximate energy level diagram of ITO, ZnO, ZnO/Al, PCBM and P3HT 
 
To explain the initial improvements in photovoltaic performances between devices A 
and C, we examine the surface energy profile of the two cathodic assemblies, ITO/ZnO and 
ITO/ZnO/Al, via UPS using He I excitation energy (21.22 eV) as shown in Figure 5.5a. The 
pristine ZnO film prepared by us was determined to have a surface work function of 4.21 eV 
within the range of previously reported values [102,127]. By comparison, the surface work 
function of Al-modified ZnO film was calculated to be 3.93 eV. The approximately 0.3 eV 
reduction in work function between ZnO and ZnO/Al is expected to increase the built-in 
voltage across the organic bulk in the photodiode, improve the electron extraction properties 
of the cathode, and thus increase the VOC of the device as observed above. The valence band 
maximum (VBM) can be additionally determined from the high kinetic energy cutoff of the 
UPS spectra, and has been detailed in an energy level diagram of the cathode, interlayers, and 
the organic bulk materials relative to vacuum level in Figure 5.5b. The VBM for ZnO at the 
film surface is approximated at 7.1 eV below vacuum level, while the VBM for the ZnO/Al 
surface is at 8.0 eV below vacuum level. In general, a lower work function for the Al-
modified ZnO cathode is expected to improve electron extraction kinetics, while the deeper 










the application of an ultrathin Al layer greatly enhances the electron selectivity and hole-
blocking properties of the ZnO transport layer. When both types of ETLs have been placed 
under 10 min of 300 mW/cm2 UV illumination, we found that their work functions increased 
by 0.13-0.14 eV similarly. While this coincides with the general trend of VOC degradation 
observed in aged devices A and C, the disparity between VOC losses and cathode work 
function increases for the two devices suggests a loss mechanism besides simply a change in 
built-in potential. 
 
The relationship between charge selectivity of electrical contacts in solar cells and the 
observed VOC losses can be understood from assessing their fundamental diode parameters. 
The Shockley diode equation for a non-ideal photodiode is expressed as follows [128]: 
 ࡵ ൌ ࡵ૙ ቀࢋ࢞࢖ ቀࢗሺࢂିࡵࡾࡿሻ࢔࢑࡮ࢀ ቁ െ ૚ቁ െ
ࢂିࡵࡾࡿ
ࡾࡿࡴ ൅ ࡵ࢖ࢎ (5.1) 
where I describes the diode current, I0 is the diode reverse saturation current, Iph is 
photoexcitation current, q is the electron charge, V is the applied bias, RS and RSH are parasitic 
series and shunt resistances, n refers to an ideality factor, kB the Boltzmann constant, and T 
the temperature in Kelvin. I0 describes charge recombination of a diode in the dark, and thus 
implicitly quantifies the leakage of minority carriers due to poorly selective electrical 
contacts. Consequently, more greatly selective electrical contacts would result in lower I0 and 
the converse is expected to be true. For greater clarity, a selective contact can be defined as 
one which preferentially extracts majority carriers and blocks both collection and injection of 
minority carriers via high energy barriers [124]. 
 
 By approximating negligible RS and infinite RSH, fitting of the natural logarithm of I 
against V under dark conditions and intermediate bias allows for the estimation of both n and 
I0 (Eq. (5.2)).  
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 ܔܖ ࡵ ൎ ܔܖ ࡵ૙ ൅ ࢗࢂ࢔࢑࡮ࢀ (5.2) 
Manipulation of Eq. (5.1) under open-circuit conditions (Iph = - ISC, I = 0, V = VOC) and 
assuming minimal resistive losses (RSH » RS, RS ≈ 0) yields the following relationship: 
 ࢂࡻ࡯ ൎ ࢔࢑࡮ࢀࢗ ܔܖ ቀ
ࡵࡿ࡯
ࡵ૙ ൅ ૚ቁ	 (5.3) 
Eq. (5.3) indicates that the VOC of a photodiode in operation is governed mainly by n and I0. 
By estimating these parameters via Eq. (5.2), we can attempt to explain the observed VOC 
loss. 
 
The dark J-V curves of devices A, B and C presented in Figure 5.6a-c illustrate the 
evolution of their dark diode characteristics with light exposure up to 8 hr. The immediate 
observation here is a precipitous drop in the rectification ratio (± 1.0 V) of device A within 
the first hour from 6.7 x 104 to 2.8 x 103, which then further decreases to 1.5 x 103 at 8 hr. 
This loss in rectifying behavior reflects the previously mentioned decrease in RSH, and is 
attributed to a degradation of the minority carrier barriers at the electrical contacts. This is 
expected as reverse current for a photodiode in the dark is dominated by the injection of 
minority carriers. Despite presenting a lower initial ratio of 2.2 x 104, device B retained its 
rectifying behavior in the absence of UV illumination. The lower initial rectification ratio in 
device B is possibly due to shunting from preparation defects such as ZnO roughness, 
whereas the magnitude of the later decrement of the ratio due to photodegradation is of 
greater significance as an indication of diminished charge selectivity at the charge extracting 
contacts. The high initial rectification ratio observed in device C (1.2 x 106), which dropped 
slightly (5.8 x 105) after 8 hr of light exposure, implies that the reduced selectivity of 
transport layers observed in device A occurred at least in part at the ZnO/organic interface, 





Figure 5.6. Dark J-V curves of devices with a) ZnO ETL, b) ZnO ETL with UV-filtered 
illumination and c) Al-modified ZnO ETL at 0, 1, 2, 4 and 8 hr of total illumination duration. 
The dotted lines describe the exponential fit of the dark J-V curves to the Shockley diode 
approximation of J = J0 exp(qV/nkBT). d) Ideality factor n (solid line, solid point) and reverse 
saturation current density J0 (dotted line, hollow point) parameters estimated from the dark J-
V curves. e) Approximation of VOC values (dotted line, hollow point) derived from the 
Shockley diode parameters n and J0 against experimentally observed VOC (solid point) 
 
Exponential fitting was conducted on each curve in Figure 5.6a-c; their respective n 
and I0 values have been detailed in Figure 5.6d. A temperature of 300K was assumed, and 
the fitting was carried out within a 0.3 – 0.5 V range to minimize errors in estimation due to 
the voltage dependence of the ideality factor. The estimation shows that both devices A and C 
possess an initial n value close to 1.35. In the case of device A, n rapidly increased to 1.61 
after 1 hr, followed by a slow rise to 1.75 at 8hr of light exposure. On the other hand, device 
C experienced a gradual increase in n to 1.50 after the same duration. Eq. (5.3) predicts that 
the n value alone would incur an increase in the VOC values of these devices. However, these 
shifts in n were mitigated by a simultaneous increase in their reverse saturation current I0, 
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which was much larger for device A (7.9 x 10-7 to 1.6 x 10-4 mA/cm2) than device C (2.1 x 
10-7 to 2.2 x 10-6 mA/cm2). The overall effect for device A is a greatly diminished VOC from 
its original value, whereas device C underwent a much smaller loss. Unlike device A, device 
B experienced slight reductions in its n and I0 values after 8 hr UV-filtered illumination. 
Figure 5.6e shows the VOC predicted by Eq. (5.3) in comparison with measured VOC values; 
the estimated values and trends agree with the experimentally determined values, verifying 
the validity of the estimated n and I0 values.  
The ideality factor n reflects the mode of charge recombination in a diode. 
Specifically, when n is unity, the diode is ideal and charge recombination occurs mainly via a 
band-to-band pathway. However, when n approaches a value of 2 [129-131], charge 
recombination in a diode is dominated either by a Shockley-Read-Hall (SRH, trap-assisted) 
recombination process [132] or recombination in the depletion region of a junction [133]. For 
the purpose of this study, we consider the two equivalent as minority carriers in a space 
charge region are effectively confined by high potential barriers. Therefore, increments in the 
ideality factors of devices A and C can be interpreted as a shift in the recombination mode of 
the photodiodes towards a trap-assisted process. Since devices A and C are architecturally 
similar except for a surface Al-modification of ZnO, we conclude that this trap-assisted 
recombination occurs due to degradation in the hole blocking contact.  
 
The deep valence band edge of ZnO (7.1eV below vacuum level) efficiently blocks 
hole transport across the ZnO ETL and charge recombination under low forward and reverse 
bias is normally expected to be limited. However, in the case of device A we find that 
illumination under simulated sunlight with UV content heavily increases the reverse 
saturation current from charge recombination. Under low forward bias, comparisons with 
device C indicate there is a significant diffusion of holes from the organic bulk layer across 
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the ZnO layer into ITO. The corresponding effective barrier height ΦB for current leakage 
across the devices can be determined from J0 according to Eq. (5.4) based on thermionic 
emission theory [134-135]: 
 ࡶ૙ ൌ ࡭∗ࢀ૛ࢋ࢞࢖ ቀିࢗ઴࡮࢑࡮ࢀ ቁ (5.4) 
where A* refers to a material specific Richardson constant. By assuming A* to be 10.41 
A/cm2 K2 for P3HT:PCBM from literature [136], the ΦB values for devices A, B and C were 
estimated and charted against duration of light exposure (Figure 5.7). The changes in VOC 
with illumination for devices A and C are more coherent with changes in their ΦB than 
cathode work function, indicating that the degradation described in this work is 
predominantly due to diminished hole barrier height across the ZnO ETL. We thus deduce 
that UV light erodes the hole blocking capacity of ZnO and so reduces its overall charge 
selectivity. Device B, in the absence of UV, experienced no similar compromise in the charge 
selectivity of its contacts. ΦB for device C is reduced after 8 hr photo-aging but remained 
significantly higher than device A, thus maintaining greater charge selectivity.  
 
 
Figure 5.7. Equivalent barrier height ΦB of aged devices with ZnO ETL, ZnO ETL with UV-
filtered illumination, and Al-modified ZnO ETL with total illumination duration. Due to the 
similarities in architecture between the devices, the barrier shifts should occur primarily at the 
contrasting contacts, i.e. the ETL 
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To explain the reduction in charge selectivity for ZnO due to UV illumination in 
device A, we propose the following mechanism graphically presented in Figure 5.8: a fresh 
ZnO layer by default has a high defect density, introducing states in its forbidden band which 
acts as both electron traps and hole traps. The presence of electron traps limits its 
conductivity expressed in the form of inflection on its J-V curve (Figure 5.3b).  High 
frequency illumination such as UV causes photoexcitation in the ZnO layer via promotion of 
electrons into the conduction band and leaving holes in the valence band. The valence band 
edge of ZnO is low and efficiently blocks both hole injection from ITO and extraction from 
the organic bulk layer. This photo-induced conductivity in ZnO is persistent (Figure 5.3b) 
and can last for days [137]. This was explained as the localized capturing of photogenerated 
holes by deep hole traps as calculated by Zhang et al [138]. Extensive UV illumination leads 
to the accumulation of both free electrons and deeply trapped holes in the ZnO layer. When 
the density of trapped holes is sufficiently high, there is the potential for the hopping 
transport of holes across the ETL. In reverse bias, this means injection of holes from ITO into 
the organic bulk layer. This is consistent with an increase in I0, reductions in RSH and hole 
barrier height inferred from ΦB (Figure 5.7). Another consequence of hole accumulation is 
the provision of trap-assisted recombination sites for electrons from PCBM at ZnO/organic 
interface. This explains the deviation from ideal diode recombination marked by an increase 
in n observed experimentally previously (Figure 5.6d). Simultaneously, the abundance of 
electrons in the ZnO conduction band eases recombination with holes from P3HT at 
ZnO/organic interface. Since the VOC of a device under illumination is determined by a 
competition between charge generation (ISC) and recombination (I0) as described by Eq. 
(5.3), the net effect is a VOC loss. By applying an ultrathin layer of Al onto the ZnO surface, a 
reduction in surface work function is induced as observed in Figure 4. The resultant shift of 
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the Fermi level towards the conduction band increases free electron density at the ZnO 
surface, granting it high charge conductivity even in the absence of UV illumination. 
We know this from the experimentally determined RS of fresh devices C and B from their 
dark J-V curves prior to any form of illumination (Figure 5.3); the lower RS compared to 
device B under the same circumstances indicate higher charge conductivity. Additionally, the 
low work function moderates the space charge region of ZnO at the ETL/organic interface 
negatively. An effect of this moderation, coupled with a deeper VBM, is an increase in hole 
barrier height, which is expected to increase the overall selectivity of the ZnO/Al transport 
layer and suppress the reverse saturation current.  
 
 
Figure 5.8. Band diagrams showing the proposed degradation mechanism: a) photoexcitation 
of charge carriers by UV illumination in ZnO and their accumulation due to localized 
trapping of holes. b) blocking of hole injection in reverse bias and hole extraction in forward 
bias by a functional hole blocking ZnO layer. c) heavy accumulation of charges in ZnO leads 
to hopping transport of holes across the ZnO layer in reverse bias when in the dark. d) 
recombination of photocarriers in the P3HT:PCBM layer near the ZnO/organic due to 
electron injection and hole extraction  
 
In summary, we have shown OSCs based on an ITO/ZnO/P3HT:PCBM/MoO3/Ag 
sandwich to be sensitive to the amount of UV illumination it is exposed to. The ZnO ETL 
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was shown to require a minute amount of UV light to bring about significant and persistent 
photoconductivity. Unfortunately, extensive exposure to UV light has a deleterious effect in 
these devices, lowering the effective VOC rapidly in a matter of minutes from 0.57 V to 0.53 
V. Devices aged under UV-filtered illumination however shows little degradation. By 
modifying the surface of the ZnO ETL with an ultrathin layer of Al, improved efficiencies 
due to enhanced VOC of 0.59 V, and photostability under simulated sunlight were observed. 
Continuous photo-aging for 8 hr shows that VOC losses accumulate for ZnO based devices, 
while neither of the other two devices exhibit significant VOC degradation. UPS 
measurements suggest that the observed improvements in the ZnO/Al based device to be due 
to lowered work function and deeper VBM. Dark J-V curves of these devices were examined 
by Shockley diode equation parameters such as ideality factor and reverse saturation current. 
The diode parameters suggest the ZnO based device experienced a dramatic increase in its 
reverse saturation current upon illumination due to a decrease in barrier height, causing the 
severe VOC loss observed. The degradation was hypothesized to be due to a reduction in the 
hole blocking capacity of the ZnO ETL caused by UV light. The device with the Al modified 
ZnO ETL experienced much less changes in its photovoltaic and diode parameters prior and 






Non-Destructive Characterization of Inverted Organic Solar Cells Stability 
by Impedance Spectroscopy 
Tracking the deterioration of an OSC requires that the device remains intact 
throughout the process. However, there are few non-destructive techniques which allow for 
the direct probing of a buried interlayer in an organic solar cell. Despite a lack of direct 
techniques, changes in the interlayer can nevertheless be detected indirectly via analysis of 
the charge carrier processes in the overall device followed by comparison against an 
analogous control. For this purpose, a variety of experimental techniques including time-of-
flight [139,140], transient photovoltaic [140-142], and impedance spectroscopic 
measurements [143-146] have been used to determine charge carrier transport and 
recombination behaviour in organic solar cells. 
Impedance spectroscopy in particular is a powerful characterization technique due to 
its potential for elucidating individual resistive and capacitative elements in different 
electrical systems. In this vein, impedance spectroscopy has met relative success in 
parameterizing the diffusion-recombination mechanisms in dye-sensitized solar cells 
(DSSCs). More recently, Garcia-Belmonte et al. have shown that the basis for describing 
DSSCs through impedance spectroscopy can also be applied in the description of bulk 
heterojunction solar cells [144]. Under appropriate operational conditions, information 
regarding the steady-state recombination of charge carriers in organic solar cells such as 
mode of recombination, and average carrier lifetime has previously been determined and 
verified by other techniques [147-149].  
In this chapter the short term photo-degradation of inverted organic solar cells 
described in Chapters 4 and 5 are studied. Devices with a variety of transport layers are 
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subjected to continuous illumination in a controlled environment and their photovoltaic 
parameters both prior and post photo-degradation are then presented. By taking advantage of 
the non-destructive nature of the impedance spectroscopy technique, we identify parameters 
related to charge recombination in both pristine and aged devices. Changes in the devices’ 
recombination behaviour are then further used to rationalize the observed changes in their 
photovoltaic properties. We finally establish a correlation between device efficiency and 
charge carrier lifetime, and demonstrate some issues faced by OSCs with ZnO as ETL. On 
the other hand, surface modification of ITO or ZnO with Al appear to produce sturdier 
devices. 
Inverted organic solar cells with the structure ITO/ETL/P3HT:PCBM/HTL/Ag have 
been prepared. This chapter primarily involves the characterization of devices with ETLs 
based on the use of ZnO, and MoO3 as the HTL (Device A). Additionally, we also include 
variants of the inverted organic solar cell to elucidate the degradation impact of the ZnO 
interlayer on the photovoltaic performance of the devices. We include herein devices with a 
layer of PEDOT:PSS as hole transport layer in place of MoO3 (Device B) to isolate the light 
induced degradation of the electron transport layer from the anode interlayer. Devices with a 
cathode assembly involving ITO modified with an ultrathin layer of Al (Device C) act as 
inverted geometry control devices analogous to the ZnO based devices. Devices prepared 
with ZnO ETLs with a similar Al surface modification (Device D) determine if the 
deleterious physical processes related to light damaged ZnO layer are dominant in the ZnO 
bulk or at the ZnO/organic interface. Note that the devices labels here are unique, and not 




Figure 6.1. a) VOC, b) JSC, c) FF and d) PCE for devices with a variety of cathode layers 
sharing the ITO/ETL/organic/MoO3/Ag architecture, both pristine, and aged for 8 hr under 
100 mW/cm2 AM1.5G simulated sunlight. ITO/ZnO (PEDOT) indicates the use of a 
PEDOT:PSS film as hole transport layer instead of MoO3 
 
In order to first understand their degradation trends, we carried out the photo-aging of 
the inverted devices A-D under 100mW/cm2 of unfiltered AM1.5G simulated sunlight for 8 
hrs as shown in Figure 6.1. To reduce experimental error, the results are averaged across 4 
samples for each architecture. The initial and final photovoltaic parameters are listed in Table 
6.1. Device A with a ZnO ETL yielded an initial power conversion efficiency (PCE) of 
2.77±0.03 % comparable with literature values. Replacing the MoO3 hole transport layer with 
a solution processed PEDOT:PSS layer in device B led to a higher PCE value (3.13±0.04 %). 
Substituting the ZnO ETL with an ITO/Al cathode in device C provided similar 
improvements in PCE (3.18±0.04 %), while modifying the ZnO/organic interface with an 
additional layer of Al in device D further increases the efficiency (3.40±0.04 %). The 
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enhancement in PCE from the use of an Al modification stems mainly from improved J-V 
curve shapes (fill factor, FF) and higher open-circuit voltage (VOC) values. 
 

























66.6±0.2 (66.6±0.2) 3.40±0.05 
(3.10±0.02) 
Table 6.1. Photovoltaic parameters of devices A-D before and after 8 hr 1 sun AM1.5G light 
exposure. Figures in parenthesis refer to the photovoltaic parameters of the aged devices. The 
figures were obtained by averaging the performances of 4 diodes for each device 
 
After 8 hrs of photo-aging, all tested devices experienced considerable deterioration in 
their PCE values, albeit slightly diminished in the case of devices C and D. We find that the 
decrease in efficiency suffered by devices A and B with an unmodified ZnO/organic interface 
is mainly due to a loss of VOC; the similarity in VOC losses between devices A and B indicate 
that this degradation is due to changes at the electron transport layer interface while 
independent of choice of hole transport layer. In comparison, neither devices C nor D with 
the surface Al modification at the electron extracting interface with the organic photovoltaic 
layer showed any significant losses in VOC. The overall effect is a 13.3% and 8.8% drop in 
efficiency to 2.40±0.01 % and 3.10±0.02 % for devices with the ITO/ZnO and ITO/ZnO/Al 
cathodes respectively. While significant losses in short-circuit current density JSC occurred 
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for all devices, the lower losses in normalized PCE for device C and D can be attributed to a 
more stable VOC. 
The loss of VOC for inverted photovoltaic devices employing the use of ZnO as an 
electron transport and specific layer under light stressing has been reported in previous 
reports [95,96]. Manor et al. has previously demonstrated a steep decline in the VOC of 
inverted organic solar cells upon concentrated illumination by simulated sunlight which was 
accompanied by a similar sharp drop in RSH [95]. We have also shown evidence earlier of 
such a phenomenon and that it occurs in a matter of minutes and necessarily under 
illumination with UV content in Chapter 5. The open-circuit voltage of an organic solar cell 
is sensitive to the electronic and structural properties of the different layers present. 
Conventionally, the VOC of an organic solar cell has been defined as the potential difference 
between the LUMO of the electron acceptor material, and the HOMO of the electron donor 
material, limited by the quasi-Fermi level splitting at the heterojunction: 
 ைܸ஼ ൌ ଵ௤ ൫ܧ௅௎ெை
௔௖௖௘௣௧௢௥ െ ܧுைெைௗ௢௡௢௥൯ ൅ ௞ಳ்௤ ݈݊ ቀ
௡೚೎మ
ே೎మ ቁ (6.1) 
where noc2 is the product of the electron (ne) and hole (np) free carrier density in the acceptor 
and donor domain respectively at open-circuit conditions, Nc is the density of states at the 
band edge of the acceptor and donor, kB is the Boltzmann constant, and T the temperature in 
Kelvins, and q the elementary charge. 
The second term on the right side of Eq. (6.1) indicates that the VOC of an organic 
solar cell is dependent on the free carrier densities in the photoabsorbing layer at open-circuit 
conditions. The steady-state charge carrier density is in turn influenced by a light intensity 
dependent photogeneration process, while balanced by charge recombination processes in the 
photoabsorbing layer. We deduce that at open-circuit conditions a solar cell produces no 
current flow, thus the photogenerated flux current (Jph) should be balanced exactly by the 
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recombination flux current (Jrec) (|Jph,oc|– |Jrec,oc|= 0) [148]. Assuming the absence of deep 
charge traps and that all free carriers at the heterojunction participate in recombination, the 
charge recombination flux can be approximated by the quotient of the steady-state average 
carrier density and its effective lifetime, τeff (Jrec,oc ≈ q noc / τeff). However, if significant 
charge trapping occurs in the solar cell, the carrier density have to be differentiated into free 
carriers and trapped carriers: (Jrec,oc ≈ q [noc + noc,trap] / τeff). This is especially true when the 
effective carrier lifetime τeff essentially describes the relaxation of carriers in general, 
regardless whether they are free or trapped. Therefore we propose the following relationship: 
 ܬ௣௛,௢௖ ൌ ܬ௥௘௖,௢௖ ൎ ݍ൫݊௢௖ ൅ ݊௢௖,௧௥௔௣൯/߬௘௙௙ (6.2) 
Here an observation can be made that should photogeneration rates (Jph,oc) remain 
constant  while the proportion of trapped species is insignificant (noc,trap « noc), charge carrier 
lifetime in the acceptor-donor phases of an organic solar cell directly affects free carrier 
densities, and thus have an indirect impact on the VOC of the solar cell. A similar relation has 
been previously proposed and experimentally verified by Blom et al. where increased 
recombination coefficients, representing the charge recombination processes in an organic 
semiconductor, has a detrimental effect on the observed VOC of the device [150]. In order to 
understand the causes of the significant VOC loss after photo-aging for devices using ZnO as 
electron transport layer, we examine differences in the charge recombination mechanisms 
between the devices. 
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Figure 6.2. Nyquist plot for pristine devices with a) ITO/ZnO, b) ITO/ZnO (PEDOT hole 
transport layer), c) ITO/Al and d) ITO/ZnO/Al cathode layers under open circuit conditions at 
a range of illumination intensities (100 mW/cm2 to 1 mW/cm2) 
 
Here, the devices presented above are studied using impedance spectroscopic 
techniques. By applying a small amplitude sinusoidal voltage in addition to a constant DC 
bias, the measured devices return phase-shifted AC responses dependent on the incident light 
intensity, applied signal frequency and bias. The resulting impedance Z is a complex figure 
and can be resolved into an imaginary reactive component (Z”) and a real resistive 
component (Z’). Figure 6.2 then shows the Nyquist plot for impedance results from pristine 
devices A-D at open-circuit conditions under various illumination intensities (1 to 0.01 sun).  
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Figure 6.3. Simplified equivalent circuit describing the organic solar cells used in impedance 
spectroscopy modelling 
 
In order to extract useful resistive and capacitive information from these plots, we fit 
their frequency dependent impedance to a simplified line transmission model as shown in 
Figure 6.3 previously used by Leever et al. to describe charge transport and recombination in 
P3HT:PCBM solar cells [146]. The equivalent circuit involves a resistor (RS) representing 
contact resistances in series to two layers of parallel R-C components. Rt describes 
resistances associated with the drift-diffusion transport of carriers while Cg refers to a 
photoexcitation dependent geometric capacitance in the organic bulk layer. Rrec is the average 
recombination resistance describing internal charge recombination in the device. Due to the 
presence of a distribution of relaxation pathways, a constant phase element (CPE) is used to 
describe the associated chemical capacitances. The CPE describes a non-ideal capacitor with 
a capacitance contribution QCPE and a quality factor m, yielding an equivalent chemical 
capacitance Cµ,eff according to the following relationship: 
 ܥఓ,௘௙௙ ൌ ሺொ಴ುಶோೝ೐೎ሻ
భ ೘ൗ
ோೝ೐೎  (6.3) 
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The quality of fit by the equivalent circuit model is shown in Figure 6.2, and suggests that 
the described resistive and capacitative components in our employed model adequately 
describe the physical processes in the P3HT:PCBM cells.  
Leong et al. has previously deduced that the light dependent recombination resistance 
Rrec of an organic solar cell has an exponential relationship with its VOC according to the 
following [148]: 
 ܴ௥௘௖ ൌ ݎ଴݁ݔ݌ ቀെ ௤ఉଶ௞ಳ் ைܸ஼ቁ (6.4) 
where r0 is a pre-exponent factor describing the recombination resistance of intrinsic charge 
carriers, and β is a fitting parameter describing the order of recombination for the rate of 
recombination of charges, ROC: 
 ܴை஼ ൌ ݇௥௘௖݊௢௖ఉ (6.5)
  
When β = 2, charge recombination in the solar cell is bi-molecular, or Langevin-type, and 
limited by the densities of both holes and electrons [151,152]. Additionally, when β = 1, 
charge recombination acquires mono-molecular characteristics, typically manifested as trap-
assisted, or SRH, recombination in organic solar cells [131]. However, real electronic 
systems typically involve a complex mixture of both mono-molecular and bi-molecular 
recombination mechanism; β is thus never truly equivalent to 1 or 2, instead often reported as 
values between the two [148,149]. Considering the above description, examination of the 
magnitude of the β parameter should then allow for understanding shifts in the mode of 
recombination amongst devices A-D from photo-aging. 
  69
 
Figure 6.4. Rrec against VOC graphs for a) pristine, and b) 8 hr photo-aged devices. The 
gradient for devices with ITO/ZnO and ITO/ZnO/Al cathode layers are expressed for 
comparison 
 
Figure 6.4 shows the model-fitted light intensity dependent Rrec of devices A-D at 
open-circuit conditions plot against VOC both before and after 8 hrs photo-aging. It is 
immediately obvious that the natural logarithm of Rrec for the devices generally follow a 
linear relationship with VOC across a wide range of illumination intensities from 1 sun to 0.01 
sun as described by Eq. (6.4). The gradient of this linear relationship, by assuming T = 300K 
for room temperature, allows for the estimation of the β parameter as shown in Table 6.2. 
Within the range of tested illumination intensities from 1 sun to 0.01sun, the slope for un-
aged device A in Figure 6.4a is 0.65 q/kBT which translates to a β value of 1.30. After 8 hrs 
of light exposure, the β fitting parameter for device A decreased slightly to 1.20 in Fig. 4b, 
indicating a transformation in the mode of recombination towards more pronounced first 
order processes. We notice that aged device B, which shares a similar ITO/ZnO cathode 
configuration as device A, yields a final β value of 1.00 at 8 hrs, indicating charge 
recombination entirely limited by first order processes. In comparison, by avoiding a 
ZnO/organic charge extracting interface devices C and D retain partial first order and 
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bimolecular recombination kinetics with β values of 1.57 and 1.48 respectively after photo-
aging. 
Cathode β & n (0 hr) β & n (8 hr) 
ITO/ZnO 1.32 (1.45) 1.20 (1.45) 
ITO/ZnO (PEDOT) 1.49 (1.18) 1.00 (1.42) 
ITO/Al 1.74 (1.11) 1.57 (1.22) 
ITO/ZnO/Al 1.64 (1.12) 1.48 (1.29) 
Table 6.2. Recombination order β and ideality factor n of devices A-D before and after 8 hr 
illumination under 100 mW/cm2 AM1.5G simulated sunlight. The ideality factor n is 
expressed in parenthesis 
 
The reason behind the observed shift towards first order recombination is debatable; it 
can be interpreted either as an increase in the frequency of geminate recombination, or of 
SRH recombination in relation to bimolecular recombination of charge carriers. Geminate 
recombination in organic solar cells is typically associated with charge-transfer kinetics of 
excitons at the donor-acceptor interface and as a result dependent on materials and 
preparation methods used. It is thus unlikely to be the primary cause for the pronounced first 
order recombination kinetics since all the measured devices share similarly prepared donor-
acceptor blend layers (P3HT:PCBM). On the other hand, the presence of electron traps on the 
surface of ZnO is well known [153-155] and has been often attributed to charge carrier losses 
via surface trap-assisted recombination [109,156,157]. As observed in devices C and D, 
avoiding or limiting the formation of a ZnO/organic interface reduced the onset of first order 
recombination. Therefore, we associate the photo-degradation of devices A and B to an 
escalation of SRH-type surface recombination at the ZnO/organic interface. In fact, β is 
highest for device C in the absence of a ZnO interlayer. 
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The recombination mechanisms in a solar cell can be alternatively assessed by 
examining the ideality factor, n, of the solar cell, which can be handily estimated from their 
VOC – illumination intensity relationship (Figure 6.5) [148]. Here we observe that devices A 
– D exhibit relatively linear behaviour in their VOC-suns relationship between 0.35 – 0.60 V. 
The associated gradient estimates nkBT/q, which yields ideality factors n as detailed in Table 
6.2. The 8 hr photo-aged device A having a higher factor (1.45) than photo-aged device D 
(1.29) indicates that the processes describing charge recombination in device A is closer to 
monomolecular than bimolecular relative to device D, agreeing well with similar 
observations made by estimates of β above. 
Figure 6.5. VOC against illumination intensity graphs for a) pristine, and b) 8 hr photo-aged 
devices. The gradient for devices with ITO/ZnO and ITO/ZnO/Al cathode layers are 
expressed for comparison 
 
SRH-type surface recombination at the ZnO/organic interface acts as an alternative 
recombination pathway for charge carriers, in addition to Langevin-type recombination in the 
organic bulk heterojunction layer commonly reported for P3HT:PCBM devices [158]. As a 
result of additional parallel recombination pathways, the total charge recombination velocity 
is expected to be increased and thus reduce the effective lifetime of charge carriers τeff. As 
explained above, by assuming a similar rate of photogeneration Jph, the formalism in Eq. (6.2) 
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suggests a reduction in τeff would diminish the average free carrier density noc, and through 
(Eq. 6.1) further predicts a decrease in the open-circuit voltage VOC of a solar cell.  
 
Figure 6.6. Effective charge carrier lifetime (τeff) for pristine and 8 hr photo-aged devices 
with a) ITO/ZnO, b) ITO/ZnO (PEDOT hole transport layer), c) ITO/Al and d) ITO/ZnO/Al 
cathode layers under open circuit conditions at a range of illumination intensities (100 
mW/cm2 to 1 mW/cm2) 
 
Figure 6.6 shows the characteristically light intensity dependent average charge 
carrier lifetime τeff of devices A – D, which can be determined from the product of their 
associated chemical capacitances Cµ and recombination resistances Rrec (τeff = Cµ Rrec) [144]. 
It can be observed in each scenario that the charge carrier lifetime increases with lower 
illumination intensities. This can be linked to a general reduction in the frequency of the 
photogeneration event within the organic bulk layer and thus lower charge carrier densities. 
From Figure 6.6a and Figure 6.6b, the lifetime of charge carriers τeff for pristine devices A 
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and B under 1 sun illumination and open-circuit conditions was determined to be 2.5 µs and 
3.1 µs respectively, comparable to lifetime in devices C (2.5 µs) and D (3.2 µs). However, 
after 8 hr photo-aging τeff for devices A and B deteriorated across an extensive range of 
illumination intensities (100 – 1 mW/cm2). Specifically, τeff for devices A and B under 1 sun, 
open-circuit conditions were reduced to 1.4 µs and 2.3 µs respectively. The estimated 43% 
and 25% decay in carrier lifetime τeff is non-trivial, and indicates a degradation induced 
acceleration in the recombination of photogenerated charges. In comparison, Figure 6.6c and 
6.6d show that devices C and D experienced less significant shifts in charge carrier lifetime 
across the same illumination range; the absence of a significant ZnO/organic interface here 
confirms that the increased charge carrier recombination demonstrated by devices A and B 
occurs primarily at the ZnO/organic interface in agreement with above observations of a shift 
towards SRH-type recombination. 
 
 
Figure 6.7. Effective charge carrier lifetime (τeff) for pristine and 8 hr photo-aged devices 
with ITO/ZnO and ITO/ZnO/Al cathode layers under 100 mW/cm2 illumination at 0.35 V – 
0.50 V forward bias. The m.p.p. for these devices generally lie within this range 
 
The recombination of photogenerated charges in a solar cell is bias and light intensity 
dependent. Outside of open-circuit conditions, the current flux of a solar cell is generally a 
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result of the competition between charge extraction at the electrical contacts and annihilation 
within the semiconductor layer. Figure 6.7 directly compares the charge carrier lifetime for 
devices with ZnO (A) and Al-modified ZnO ETL (D) between 0.35 – 0.50 V forward bias 
where their maximum power point (m.p.p.) typically lies, both prior to and post degradation. 
The longer carrier lifetime τeff for device D over device A across the tested bias range 
demonstrates improved charge extraction and recombination properties that contribute to an 
enhancement in J-V curve shape quantified by the device fill-factors (0.56 vs. 0.67) and 
consequently photovoltaic performance. We observe that both devices experience a decline in 
τeff after photo-degradation, albeit at a much greater magnitude for device A coherent with the 
introduction of significant surface induced recombination. 
In general a reduction in charge carrier lifetime is expected to lower the VOC of a solar 
cell under illumination. The sharp drop in τeff for device A from 2.5 µs to 1.4 µs at 300K and 
open-circuit translates to an approximately 30 mV shift in VOC via Eq. (6.1) and Eq. (6.2), 
assuming constant internal quantum efficiency and an insignificant population of trapped 
carriers (noc,trap « noc) within the organic bulk heterojunction layer. The calculated shift in VOC 
is notably smaller than the experimentally determined loss of 58 mV observed, suggesting 
that the Eq. (6.2) determined free charge carrier density at open-circuit conditions noc is 
additionally reduced by a competitive trapping process induced by photo-degradation. This is 
again in agreement with the above conclusion of charge trapping at the ZnO/organic interface 
to be responsible for VOC losses. 
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Figure 6.8. ln(JSC) against 1/T graphs for pristine and 8 hr photo-aged devices with a) 
ITO/ZnO and b) ITO/ZnO/Al cathode layers. The gradient -∆/kB yields the trap depth ∆ of 
these devices 
 
Charge trapping in a semiconductor is typically due to the presence of localized energy 
states, or trap states, exponentially distributed within its forbidden band and can occur 
physically either within the bulk or at the surface of semiconductor materials due to defects. 
The energetic distribution of these trap states can be characterized by the trap depth 
parameter ∆ from a device’s temperature (T) and photon flux (Φ) dependent J-V curve 
according to the following relationship: 
 ܬௌ஼ሺܶ,Φሻ ൌ ܬ଴ሺΦሻexp ቀെ ∆௞ಳ்ቁ (6.6) 
where J0(Φ) is a pre-exponent factor influenced by the density and mobility of charge carriers. 
We note here that the trap depth describes not only the depth of trap states, but is also 
influenced by their density. Figure 6.8 shows the natural logarithm of the short-circuit 
current densities JSC of devices A and D under 1 sun illumination prior to and post 
degradation against the reciprocal of sample temperature in Kelvins. The gradient is -∆/kB 
which affords us a numerical value for ∆. Hence we observe that the initial value of ∆ for 
device A is 9.7 meV, which is higher than that for device D at 6.2 meV, but lower than values 
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previously reported by us for P3HT:PCBM inverted solar cells with ZnO ETL [159]. Upon 8 
hr photo-degradation, ∆ for devices A and D evolve to 14.8 meV and 6.4 meV respectively. 
The twofold difference in ∆ between aged devices A and D indicates that the ZnO/organic 
interface contributes significantly to the overall device trap depth which leads to trapping of 
photogenerated charges at said interface as mentioned above. The higher ∆ for aged device A 
can be either due to a photo-induced increase in density or deepening of traps at the 
ZnO/organic interface. It is nevertheless responsible for a reduction in the density of free 
carriers noc and thus open-circuit voltage VOC. In comparison, the negligible shift in ∆ for 
device D reflects a minimal formation of trap sites both within the organic bulk 
heterojunction and at the ETL contact from 8 hr photo-degradation. 
 
 
Figure 6.9. Staggered bottom gate FETs with ZnO and ZnO/Al as channel materials 
 
 In order to understand the effects of charge trapping at the ZnO surface on its function 
as an electron specific charge extracting contact, we examined the charge transport properties 
of ZnO and ZnO/Al via n-type field-effect transistors (FET) with staggered bottom gate 
geometry (Figure 6.9). As concluded thus far, the ZnO surface has a significant density of 
electron traps, whereas modification by Al reduces charge trapping. From this, we 
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hypothesize that ZnO/Al would demonstrate an enhancement in field-effect mobility over 
ZnO as constant electron trapping and de-trapping impedes its drift transport. The field-effect 
electron mobility across the ZnO film surface was determined to be 0.16 cm2 V-1 s-1 using 
saturation mode estimates. We found that modifying the ZnO surface with Al heavily 
increases surface charge conductivity akin to n-doping. Considering the apparent lack of 
saturation in source-drain current, linear region estimates were used instead to determine 
electron mobility to be 1.2 cm2 V-1 s-1. To ensure that the enhanced electron conductivity and 
mobility are not solely due to the thin Al layer, we prepared FET devices using a 1.2nm layer 
of Al as channel material which was found to be wholly electrically insulating in nature. The 
greatly enhanced lateral electron mobility of ZnO/Al over ZnO thin film satisfies our 
hypothesis, further confirming our deductions of significant trapping of photogenerated 
charges at the ZnO/organic interface.  
 In summary we have shown that inverted organic solar cells based on the use of ZnO 
as electron extracting layer exhibit substantial degradation in photovoltaic performance from 
VOC loss after a relatively short burn-in period of 8 hr. Due to inert and temperature-
controlled conditions, we have isolated the reason for this degradation to photo-induced 
effects. Comparisons between devices using different charge transport layers further isolate 
this degradation spatially to mainly the ZnO/organic interface. We found that modifying this 
interface with a thin layer of Al, or outright replacing ZnO with a thin layer of Al greatly 
improves the robustness of the device VOC during aging. We have shown that impedance 
techniques can be employed as a non-destructive means of monitoring device degradation. 
Photo-degradation of ZnO was demonstrated via changes in device ideality factor n and 
charge recombination kinetics to result in an increase in charge trapping and SRH-type 
recombination at the ZnO/organic interface. In comparison, these detrimental effects are 
avoided or minimized by modifying the ZnO/organic interface with Al. The trap depth for 
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ZnO-based inverted solar cell was shown to increase from 9.7 meV to 14.8 meV from photo-
induced effects, whereas the ZnO/Al based variant experienced minimal changes (6.2 meV to 
6.4 meV). Overall, we attribute the VOC loss in ZnO based inverted organic solar cells to 
diminished charge carrier lifetime τeff and free carrier density noc caused by significant charge 
trapping and/or recombination. Additionally, the surface modified ZnO/Al demonstrates a 
great enhancement in electron mobility over ZnO from 0.16 cm2 V-1 s-1 to 1.2 cm2 V-1 s-1 due 





This thesis has provided valuable insight and understanding into the viability of the 
inverted geometry regarding the fabrication of OSCs. In each chapter, we have described the 
photo-degradation of inverted OSCs with different electron extracting or transporting layers 
with the purpose of evaluating the cathode interfacial layers’ reliability. 
In Chapter 4, we have prepared inverted OSCs that rely on ITO modified by an 
ultrathin (1.2 nm) layer of Al as bottom-lying cathode and MoO3/Ag as top anode to act as an 
analogue to inverted OSC with ZnO ETL. The inverted P3HT:PCBM OSC based on Al-
modified ITO cathode exhibited an improved PCE of 4.16% over normal-structured devices, 
as well as greatly improved operational stability and lifetime. Additional studies by XPS and 
PESA suggest that the deposition of Al onto ITO leads to a significant reduction in surface 
work function. 
In Chapter 5, we find inverted OSCs based on ZnO ETL to be sensitive to UV 
illumination. These devices were shown to suffer decrements in VOC from 0.57 V to 0.53 V 
within 5 mins of exposure to the minor amount of UV light content in 100 mW/cm2 of 
AM1.5G simulated sunlight. When an ultrathin layer of Al is deposited onto the surface of 
the ZnO ETL, the resulting inverted OSC shows enhanced performances due to higher initial 
VOC and FF, as well as elimination of the UV-light dependent VOC burn-in. Diode model 
fitting suggests the cause of the VOC loss during operation for devices with a pristine ZnO 
ETL to be due to diminished charge carrier selectivity, apparent from significant increases in 
reverse saturation current. UPS measurements indicate that the deposition of Al onto ZnO 
leads again to a reduction in surface work function, as well as deepened VBM, both 
improving the function of the Al-modified ZnO as ETL. 
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In Chapter 6, we demonstrate the use of impedance spectroscopy as a non-
destructive means of characterizing solar cells during lifetime testing. Inverted OSCs 
prepared in the previously were measured, and fitted to obtain resistive and capacitative 
parameters which allowed us to indirectly determine charge carrier characteristics. A 
significant drop in the effective lifetime of charge carriers τeff for inverted OSCs with a layer 
of pristine ZnO as ETL at open-circuit conditions after 8 hr light soaking suggests accelerated 
SRH-type recombination. Comparisons with similar devices which do not feature a direct 
ZnO/organic interface indicate that this recombination is localized at said interface, and can 
be avoided or minimized by modification of the ZnO surface with the ultrathin Al layer in 
Chapter 5. Additional field-effect mobility measurements indicate that the Al modification 
of the ZnO surface phenomenally increases carrier mobility by almost 8 times, suggesting the 
presence of surface traps in pristine ZnO.  
This thesis has invested some significant effort into the investigation of the reliability 
of inverted OSCs, however, more work could still be carried out in its stead. Avenues to 
expand on the grounds already covered in this thesis could involve the investigation of other 
notable means of achieving device inversion, such as through the use of conjugated 
polyelectrolytes on ITO [100,101]. 
In closing, this thesis emphasizes that the charge extracting interfaces and contact 
materials have an immense role to play in the stability of solar cells. Despite displaying 
excellent shelf life, devices which rely on a thin ZnO ETL to achieve geometric inversion 
have been shown to be marred by the electrical and physical interaction of the ZnO material 
with UV radiation. However, these deleterious effects can be mitigated by the facile 
application of an additional suitable interlayer that can yield solar cells which are 
simultaneously more efficient and longer-lived. As a result, OPV and photovoltaics in general 
remain a promising renewable energy source.  
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